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PREFACE

In the tradition of previous years, EMR's Canada Centre for Mineral and Energy
Technology (CANMET), and the U.S. Departmentof Energy (DOE) teamed up once
again to sponsor the Windsor Workshopon Alternative TransportationFuels. 1993
markedthe 10thanniversaryof thisWorkshopwhichbegan in 1983 in Windsor,Ontario.
We would like to express our appreciationto ORTECH Internationalfor a fine job in
coordinatingthisevent.

The 1993 workshop attracted 271 participantsfrom 9 countries including, France,
Japan, Australia,Hong Kong, Italy,Korea,The UnitedKingdom,The UnitedStates and
Canada; continuingto indicate the growingawareness and importance of alternative
transportationfuels inthe worldmarketplace.

Following in the footsteps of its predecessors, the 1993 workshop maintained its
establishedapproachto encouragean informalexchangeof informationwitha focuson
infrastructurebarriers, and the readiness of alternative fueled vehicles to enter the
marketplace. Participants included engine and vehicle manufacturers, fuel suppliers,
public and private research organizations, and academic and regulatory bodies. In
keeping with this informal theme, many of the papers presented in these proceedings
are not in text format. After each paper a brief summary of the question and answer
period is appended, which should serve as a reminder of some of their more salient
points.

The development of alternative tran.'_portationfuels, and ultimately the quality of the
environment, can only be enhanced by the exchange of information on worldwide
industrial trends and technical progress. Since inception the Windsor Workshops have
proved to be an invaluable forum for this exchange, and we will endeavour to organize
such timely and productive workshops in the years to come

Mark your calendars now, the next workshop will once again be held in Toronto, at the
Holiday Inn Downtown City Hall, June 13 - 15, 1994. We hope to see you all again in
1994. We would like to extend our warm gratitude to the organizers and participants of
the 1993 Windsor Workshop.

Bernie James John Russell
Energy, Mines & ResourcesCanada U.S. Department of Energy
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Thank you, David for that kind introduction, and good

morning, ladies and gentlemen. It's an honour to be here

today among the top performers of the North American

alternative transportation fuel industry. Mr. McKnight was

unable to attend due to a previous commitment, and he sends

his regrets.

As most of you are no doubt aware, I am privileged to

share the stage this morning with Chuck Imbrecht, who I

understand is serving his fifth consecutive term as Chairman

of the California Energy Commission. Welcome to Torontol

I know many people gathered here today are looking forward

to your keynote address.



I would like to start off today by saying a few words

about the Windsor Workshop. As most of you know, this

workshop has been a tradition in the transportation industry

for a decade now. Over the years it has evolved into the

most important forum on alternative fuels in North America.

Your discussions have progressed from technical papers and

discussions on alternative fuel concepts and theories to

Original Equipment Manufactured alternative fuel vehicles

using propane, natural gas and methanol. In fact, the world's

first hydrogen fuel-cell-powered bus was just unveiled on

Tuesday.

Indeed, the Windsor Workshop provides an excellent

example of technology transfer in action. I think this is

extremely important. Your industry is rapidly developing -

it is imperative that the lines of communication remain open

as to your successes, your emerging opportunities, and the

barriers that stand in the way of

your goals.



Therefore, Energy, Mines and Resources, through the

Canada Centre for Mineral and Energy Technology -

CANMET, to many of you -- is proud to be a sponsor of this

workshop, particularly on this, its tenth anniversary.

CANMET firmly supports your efforts to accelerate the

commerciali_ation of your technologies through concerted

technology transfer. To recognize the major successes that

some of you have achieved in this regard, I will be presenting

an award later on behalf of CANMET. The award recognizes

industry's efforts in commercializing new technologies in the

areas of energy efficiency and alternative energy. !'il tell you
more about that in a few minutes.



But first, I'd like to talk about some of the barriers that

are inhibiting the commercialization of alternative

transportation fuels here in Canada. Some of these are

institutional, while others are technical. In any case,

substantial effort and resources will be required to overcome

these obstacles, which poses a challenge in these times of

economic restraint.

The question that remains is this; how can we most

effectively address these barriers when government and

industry are each under pressure to operate as cost-

.=ffectively as possible?



I believe the answer is in the formation and maintenance

of strategic alliances -- alliances that will not only advance

alternative transportation fuels, but will boost the competitive

prospects of your entire industry. Of course, we do not need

to look very far into the past to see successes in this regard.

By working together, government, industry and academia

have been able to introduce a new fleet on alternatively

fuelled vehicles in this country. Over 140,000 propane

vehicles and 35,000 natural gas vehicles are on the road in

Canada. Domestic sales of ethanol-blended gasoline

exceeded 256 million litres last year. And we're road-testing

some of the first methanol, ethanol, hydrogen fuel-cell-

powered and electric vehicles in the world.

The credit for these achievements must be shared - by

industry, by universities and research organizations, and by

government at all levels. Our successes in the alternative

transportation fuels industry clearly demonstrate what strong

partnerships can achieve in this country. Let me say a few

words about that now.



Federal R&D Program

As many of you know, the Government of Canada has

supported the alternative transportation fuels industry since

1980. In recent years, responsibility for federal R&D

activities in this area has been that of CANMET, the main

S&T arm of EMR. CANMET's objectives in the alternative

fuels area are three-fold: first, we are dedicated to working
F

with your industry to commercialize technologies with near-

term market potential, like propane, natural gas and alcohol

fuels. Second, we support the development of longer-term

alternatives with significant market prospects, including

hydrogen-powered and electric vehicles. And third, we are

committed to assisting with the development of an

infrastructure that will facilitate the market entry of proven

alternative fuels.

Our experience has shown that cost-shared research and

development is the best way to meet our technology goals.

In keeping with this policy, CANMET is working in

cooperation with a wide number of stakeholders from both

government and industry.



To promote the commercialization of short-term

technologies, we have struck R&D agreements with a number

of industrial partners, as well as th_J Canadian Gas

Association, the Propane Association of Canada, and the

Canadian Oxygenated Fuels Association. Our goals?

Technology improvement and cost reduction. At the same

time, we are assisting these groups with the development of

technical and safety standards needed to encourage the

acceptance in the market place.

To promote the development of longer-term alternatives

like hydrogen and electric vehicles, we are supporting R&D by

several Canadian universities, research organizations, and

groups such as the ElectricVehicle Association of Canada and

the Hydrogen Industry Council. Our shared objectives for

these technologies include cost-performance improvements

that will permit eventual manufacturing. For although

hydrogen and electric vehicles are expensive, they are also

the most environmentally friendly transportation alternatives

available to us. Their future market prospects are therefore

enormous.
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Finally, CANMET is working closely with your industry,

other groups within EMR and concerned federal departments

to further develop the regulation and fuel infrastructure that

is so critical to the commercial penetration of these fuels. I'm

pleased to say that a great deal of progress is being made in

this regard. Harmonization of standards for emissions, safety

and fuel consumption has been achieved for conventionally

fuelled vehicles at the national level. Efforts are underway to

achieve the same regulatory milestones for new fuels. I

want to acknowledge the importance of the strong industry

assistance that delegates in this room and your colleagues

provide to us through the technical organizations and

committees that you have spent many hours serving.
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In terms of the refuelling infrastructure, I believe the

Government of Canada has played a useful role in funding the

construction of natural gas fuelling stations. To date, we

have contributed to the development of more than 140 such

stations in cities across the country. We are also working

with your industry to expand the methanol refuelling network.

We hope these will follow the trend of growth already set by

propane fuelling stations.

Government and industry alike should be proud of the

teamwork that is fostering the successful development of

alternative transportation fuels. It has been a tough climb for

the past dozen years or so -- but l believe we have recently

begun to see evidence of our progress.
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Market Plaoe for Alternative Fuels

We need only examine the conditions of the

transportation market place to recognize that these fuels do

have an important role to play. As a result of the initiation

of new environmental policiesin countries around the world,

enormous new markets have been created for alternative

fuels. California, for example, is calling for quotas of zero-

emission vehicles by 1998. In the interim, demand is going

to increase for cleaner transportation technologies.

Infrastructures will continue to develop. And the public

confidence in these new technologies will grow.
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Here in Canada, we have had great success in the sale of

natural gas and propane conversion kits for vehicles. Today,

there are over 150,000 converted cars and trucks operating

on Canadian roads. The recent announcements of OEM

vehicle production by the 'Big Three' has added a new factor

in the way we do business. The transition zone to our

evolution to alternative fuels has expanded. While this

development has the benefit of providing added choice for the

consumer, it magnifies the requirement for technology

development - toward both competitive conversion

technologies and leading-edge Canadian technology for
OEMs.

__
II Hi
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in short, we are entering a new era in the development of

alternative transportation fuels -- one with significant

commercial opportunities for your industry, it is interesting

to note that other countries are now recognizing what we

have known for some time - that alternatively fuelled

vehicles have a major role to play in meeting global

environmental objectives. As a result, we are facing

increased competition. And we must work harder to maintair

our technical edge and take advantage of emerging world
markets.

As technology developers in the alternative fuels

industry, Canadians are among the best. To exploit the full

potential of our technologies, we must maintain these

strategic alliances between government, industry and

academia. They have been the key to our successes in the

past. And they will ensure a prosperous future for our

technologies.
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However, we should not take our partnerships for

granted. We need to consult with each other to review the

cooperative structures that are in place right now. And we

need to identify the issues that most require our attention.

However, to do so, we must ensure that everyone is at the

table -- from all levels of government, and from all sides of

the industry. That's the essence of consultation --

information sharing. The Windsor Workshop provides an

excellent starting point each year for discussion, and we must

carry this momentum throughout the year.
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Award Announcement

On that note, I'd like to talk a little more about the

announcement I made earlier regarding a new CANMET

technology transfer award. CANMET has long recognized

the value of technology transfer efforts and the role they have

played in expanding the contribution of alternative energy and

energy efficiency. To show our appreciation, an award will

be presented every year in recognition of outstanding

contributions in transferring energy efficiency and alternative

energy technologies to the market place. This first award is

being given for outstanding achievement in alternative

transportation fuels. I think this is a clear demonstration of

the importance we assignto developments in this key sector.
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To select this year's winner, we asked representatives of

your industry to provide us with nominations. It was a very

close race. The runners up included Mr. Elson Fernandes of

Clemmer Industries for the development of a methanol fuel

dispensing system, and Mr. Don Henry of Imperial Oil for

work on specially formulated motor oil for gaseous fuelled

vehicles. Both of you are to be commended for your

achievements.

I am now honoured to announce that this year's award

has been won by the EngineeringDivision of Chrysler Canada

for your development of vehicles powered by natural gas,

propane and methanol which are being mass-produced. Will

Mr. Stuart Perkins and his team of John Mann, Jim Lanigan,

Larry Robertson and Shawn Yates please come up here to

receive these certificates and a small token of our

appreciation?

Congratulations l

Thank you, and all the best for a successful workshop.
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SUMMARYOF VERBALCOMMENTSOR QUESTIONS

ANDSPEAKERRESPONSES

OPENING ADDRESS
N. Moyer, Assistant Deputy Minister, Corporate Policy and Communications,
Energy, Mines & Resources Canada

No discussion took place after this presentation. However, an annual award by
CANMET was announced for alternative energy technology transfers to the
marketplace. The EngineeringDivisionof ChryslerCanada was chosen for the 1993
award from a groupof severalcandidateswho hadbeen nominated.
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New Ideas for Federal Role

in Marketing AFVs

RANSPORTATION

Office of Transportation TechnologiesU.S. Department of Energy



New Ideas

Federal Mandates to Leverage
Alternative Fuel Vehicles

• CleanAir ActAmendmentsof 1990

• IntermodaiSurfaceTransportation
EfficiencyAct of 1991

• EnergyPolicyAct of 1992



EPACT Implementation Plan for
Alternative ueis

Strategy

Proaram Elements

• Fleet Mandates

• Fuel Supply

• Consumer Awareness/Education

• Incentives/Financial Assistance

• Misc. Regulations/Guidelines

• Reports/Analysis



Requirements for Federal Fleet
IAIternative Fuel Vehicle Acquisition
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Budget Plans for Federal Fleet
Alternative Fuel Vehicle Acquisition
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New Ideas

Three Components of Alternative Fuel
Vehicle Marketing

• Concentration

• Concentration "_

• Concentration
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Federal FY 1992 Purchases- Sedans
Overview by Category
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Overview by Category
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Federal Fleet Alternative Fuel Vehicle Summary
In Operation April 1993

VehicleType Model Year Fuel Quantity
i ii i i ii i i , |

iChryslerVan 1991 CNG 2
1992 CNG 75

ii i i J

Dodge Spin 1992 M85 2,500 | gii i i i i

Ford Taurus 1991 M85 40 II
iiii i i

Ford Econoline Van 1992 M85 20 !1
ii iii i ii iii i iii i i ii i

Chevrolet C-20 Pic_p Trucks 1992 CNG 600 !1
i ii i i I i • i

GM/Chevy Lumina 11992991 M85E85 2425 I

LLV & deep (USPS) 1984- 1993 CNG 1,075 II
iiii i i i i ii

Total 4,361 II

Source: GSA-IFMS, USPS, and DOE data

p. - =,3.drw



Estimated FY 1993 Acquisitions
(Includes Postal Service/DOD)

Vehicle Type Model Y_ Fuel Quantity

Chrysler Van 1993 CNG 1CK) il

M

Dodge Spirit ' 19_ M85 2,555 I
Ford Taurus 1993 M85 300 i

Ford Eco_ Van (USPS) ? Bectric 6 I
Chevrolet C-20 PickupTrucks ? CNG 45

GM/Chevy Lumina 1993 M85 50
1993 E85 50

Conversions (DOE/NREL) - CNG 1,8(X) I
_G I

- CNG 1,400 IIConversions (USPS) ....

Conversions (ARPA) CNG ? II

Total 6,256
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F',(93 State Requests for AFVs

3,923

4,000 3,617

3,000
Number
of AFVs

Requested 2,000

1,000
369

150 63 148

Mo85 EV E-85 LPG CNG Gaseous
CNG or LPG

-- Fuel Type



Most Requested Fuel Types

.-© _OEN0:m_, i" _
/rob E.a5 _ CNG

i CNG/LPG [_ NO Requests p:_do_a'-,_Z'_,,_'_ap_.cln,

I



Top Five Problems/Concerns
Expressed by the States

1) Funding the incremental cost of AFVs.

2) Availability of alternative fuels and AFVs. =_

3) Limited range of dedicated AFVs in large states.

4) Lack of informationon alternativefuels and AFVs.

5) Lack of vehicle/facilitystandardization.

p:_loeolt_tuk_ovemeao_op five.drw



22 Non-Attainment Areas

Covered ByThe Clean Fuel Fleet Program
BoMon-Lawmnce-

Chlcogo-Gary- Worcwtef MA-NH
Mllwaukee-Racll_,WI LakeCounly,IL-IN-WI

GrealerConnecllcut

\

', CO

/ NewYodc-Longbland- u_

Ncdhem NewJersey

Phlladelphla-Wllmlnglon-
San, Trenlon,PA-NJ-DE-MD
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CA
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SanDiego,CA lleaumonl-PadArlhw,TX ABanta.GA
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DOE Alternative Fuels Data Cenler _azoda,TX

June 7, 1993



SIGNIFICANTNUMBERSOF FEDERALVEHICLESSeattle-Tacoma, WA

,54, LOCATEDIN METROPOLITANAREASCOVEREDBY
THENATIONALENERGYPOLICY ACT OF 1992Portland-Vancouver. OR-WA

1204 Mlnne(R)olLt-St.Paul. MN-WI Chicago-Gary- New York-Long Island
1029 Lake County. IL-IN-Wl Northern New Jert_y-

2474 NY.NJ.CT

Detroit-Ann A,-bor,MI 4187

1039

R_4:_urgh-
Beover Volley, PA

Q • 1213

Denver-Boulder. CO
2426

j O 1800
Bakert41eld.CA • O Boston-Lawrence-

2199 1162 O • O Salem, MA-NH

0 Salt Lake Cll ,-Ogden, UT _ o'_
Baltlmcxe, MD

5317 _ O O

6523

San Francisco- _ Phoerdx. AZ Woshdngton.DC-MD-VA
Oakland- 1369 O • _ OSan Jose. CA O

48 e 1129 Norfolk-v1rglnla Beach-LOsAngeles-Anaheim- • J

Riverside.CA • Al:xJquerque, NMt O 2493 Newport News, VA,Q @ Knoxville,TN

_ 3989
San Diego. CA @ O

2976 _ O
Honolulu.Hl 1416 1421

1083 Atlanta. GA \\ Augusta, GA-SC
Total Federol Vehicles" J Pensacola. FL 1763

t

0 > 1000 (63,t 72 Vehicles) I

Cha_es_on, SC

• < t000 (32.320 Vehicles) j

I

"Does not Include Post Office and DOE Alternative Fuels Data Center

DOD civilian. Alr Force and Marine Corps vehicles June 7, 1993



HIGHLIGHTEDNON-ATTAINMENTAREAS
Sea111eTacoma, WA
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\
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_/ (_ 1039
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e 1213
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/ i ® ,,oo
Bakersfield, CA e _ e• Salem. MA-NH

I. 2199 1162
® \ / _ SaNk=e -Ogden.UTe
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Knoxvlfle,TN

_C> 3989SanDlego,CA O •
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Honolulu.Hl 1416 1421
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Total Federal Vehicles* INmsacela, R.
1763

i _I > 1000 (63,172Vehicles) C'hade_ork SC

I Q < 1000(32.320Vehicles)
I
! _ > 1000 [non-Attainment Areas)
L

DOE AlternativeFuelsData Center

• Does not include Post Office and June 7, 1993
DOD clvilian, Alr Force and Marine Corps vehicles
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Clean Cities Program
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Clean
Cities

Purpose

• Concentrate alternative fuel types

• Create "grass roots" market demand

• Promote coordination of city, state, federal, industry

pl L:=O-G1084703



How Does It Work?

• City makes choice and commitment
• State honors commitment

• Federal agencies (local) honor commitment

• Federal agencies (Headquarters) provide support activities

• Industry meets commercial needs

• Public joins in

P120 G1004704



Clean
Cities

Clean Cities Organization
Clean City Team

Members Function
• City • Goals
• State • Priorities
• Federal (local) • Define needs

• DOE (field support) • Monitor progress EPA• Others -.-

Needs/requests' "l' IS I I Needs/requests _..DOT_
to industry upport Support to government _.,Other

! , i "i oo f
Industry i National ----

infrastructure l_.Coordination Clean _., Federal resources -" Hotline
Vehicles I-" _ City _ Data CenterBrochures

Marketing I Task Force Training
- Technical expertise

I Contractor _.,EPACT-fCoordination support Fleet mandates
State incentives
Voluntary _mllment

GSA-DOE Other
HQ OPS

P12OGt064712



Clean
Cities

i mJ

Unique Focus

• Grass roots leadership

• "A person" (city) becomes responsible for success

• Partnerships with clear goals and leadership

P120 Gt00470S
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SUMMARYOF VERBALCOMMENTSOR QUESTIONS

ANDSPEAKERRESPONSES

POLICY PANEL DISCUSSION:
MARKET PLACE IMPLICATION8 IN THE CHANGING WORLD OF MOTOR FUEL8
D. Rogers, U.8. Department of Energy

Q. Frederick Potter, IRI: Would you commenton the Presldent's Task Force for
fleetconversion?

A. ExecutiveOrder 12844 calls for federal fleets to accelerate their acquisitionof
alternative fuel vehicles beyond the plan in the Energy Policy Act of 1992. It
establisheda task force to helpthe implementationof the executive order. The
appointedchairman is Garry Mauro of the Texas General Land Office, and Dr.
SusanTierney of the Departmentof Energyisthe vicechair. The task forcegoal
is to produce recommendations by August 1, 1993 on how the federal
government can maximize development of alternative fuels. The first meeting
was in Austin, Texas on June 7, 1993 with members from automobile
manufacturers,fuelsuppliers,fleetoperators,and state and localgovernments.
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

MARKET PLACE IMPLICATIONS IN T_
CHANGING WORLD OF MOTOR FUELS

POLICY PANEL DISCUSSION

Panel Moderator:. Frederick Potter

POLICY ISSUES FOR ALTERNATIVE FUELS IN CANADA

A.C. Taylor
Enersy, Mines & Resources Canada

(Other presentations made during this Panel Discussion are unavailable)
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POLICY ISSUES FOR ALTERNATIVE FUELS

IN CANADA

A.C. TAYLOR

ENERGY, MINES AND RESOURCES CANADA

NOTES FOR PRESENTATION

WINDSOR WORKSHOP
14 JUNE 1993
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WHERE IS CANADA IN ALTERNATIVEFUELS ?

Are we still=aheadofthe U.S." inAltemativeFuels?

..... probablynot

Thisis goodnews - we needthe help

bad news - maybeourapproach
needsa freshlook

EMR isworkingwithothersto

clarifyourgoalsinalternativefuels

examineourpolicyand activities

L [ ] _- II I' IIIII1[I III IIIII
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NEED FOR A REVIEW

There are severalreasonsfora irevew

- technologyhaschanged

- fuel andvehiclemarketsandregulations
are changing

- increasedU.S. activi_ presents
opportunitiesfor Canada

- severalprovincialgovernmentsare
reviewingpolicyand activibes

- a numberof federalATF programsexpire
in 1994

- the ATF industryandvehic!e
manufacturersare seekingclarification
of govemment'scommitmentto
altemabvefuels.

..... II IIIII _ lilllll II I I I Illll
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SCOPE OF OUR REVIEW

1. Clarifying our Goals

We're learningmoreaboutthe benefits

- environment
- usercosts
- industryopportunities
- fuelmarkets
- energysecurity

Butthe realquestioniswhat are we tryingto achieve

- differentgoalsbringdifferentroles

eg. howimportantis
- new technology

- export markets

- factory-producedvehicles

- governmentfleetuse ?
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II

SCOPE OF OUR REVIEW (continued)

2. Examining po!icies and activities

Financialsupport

fuel taxation
supportto associations
grantsforconversions
vehicletaxationincentives

Information

informationto users
marketingandpromotion
standards
feasibilitystudies

Technology

longer term research
technology transfer
export markets
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SCOPE OF OUR REVIEW (continued)

3. Consultation

- some aren't shy

- discussion paper

- informal channels

- formal processes

- plenty of controversy!
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HOW HAVE WE BEEN APPROACHING
ALTERNATIVE FUELS ?

1. Assist with the development of technology

- federal R&D
- contributions to industry
- demonstration projects

2. Remove market barriers

- regulatory
-infrastructure
- conversion costs
- fuel supply costs
- lack of information

3. Let the market develop
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WHAT HAS BEEN ACHIEVED WITH THIS ?

British Columbia

NGV
- showcase for NGV development
- fleet and private (light duty vehicles)
- public fueling network
- demonstration of transit buses
- ferries

Propane
- strongfleet autopropane market
- extensivefueling infrastructure

Methanol
- twostationsoperating
- interestinlightdutyvehicle

demonstrationin 1993/94

Hydrogen
- Ballard fuel cell bus
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Alberta, Saskatchewan, Manitoba

Propane
strongautopropanemarket .

i very propaneprices
favourable

extensivefuelinginfrastructure

NGV
- little NGV use except Alberta
- some success in fleet use in Alberta
- transit bus demo planned for

Edmonton and Calgary
- development of composite on-board

NGV cylinder in Alberta

Methanol
- one station operating in Calgary
- interest in light duty vehicle

demonstration in 1993/94
- transit buses in Medicine Hat

Ethanol
- production and marketing (as a blend)

in Saskatchewan and Manitoba

II ____
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Ontario

Propane
strongauto propanemarket
extensive fuel=n.ginfrastructurefactoryproductionof vans and/or

pickupsis a possibility

NGV
- goodlightdutymarket,esp.in S.W.
- over 50 publicstations,pnvateas well
- 1000 VRAs,withproductioninToronto
- productionof NGV vansinWindsor
- over50 transitbusesinoperation
- busproductionwithexportpotential
- productionof steelcylinders

Methanol
- onestationinToronto,anothersoon
- severalmakesof vehiclesproduced
- vehicledemothroughcar rentals
- interestin lightdutyvehicle

demonstrationin 1993/94
- transitbusdemoinWindsor

II II •

] II
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Ontario(continued)

Ethanol
one .plantwithproductionincreasing
cons=derableinterestinotherplants
successfulmarketingof blends

ElectricVehicles
- developmen!workand productionof a

testquant,tyof vansinWindsor
- batterydevelopmentinToronto

Quebec

Propane
some propane vehicle activity
reasonable fueling infrastructure

NGV
- was an original leader in public fueling
- reasonably loyal vehicle market
- focus has moved from public to private

fueling in recent years
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AtlanticCanada

Propane
- verylimiteduseofpropanevehicles

owingto h=ghfuel.cost
- marketdemonstrat=onunderwayin

Newfoundland,to addressbarriers
- potentialinMadtimesunderstudy

SummaryforCanada

- considerableinterestinATF

- considerableR&Dactivity

- opportunitiesforATFuseandATFequipment

- differentpatternsby region

- growthisslow - it'sa hardsell

- successstemsfromcheapfuel,andinsome
cases,stronggov'tsupport

I IIIII III II1[11 I I I I III .... I I _ [ ]

II
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SHOULD GOVERNMENT DO MORE TO HELP ?

.... someobservations

1. Mightnotbe muchmoreactivitywithoutgov'taction

- demandforfactoryvehicles

- willOEM productioncontinueinCanada?

- infrastructuregrowth

- trade opportunities

2. What couldgovernmentsdo?

- pushon fleets,consumers(demos?)

- buyvehiclesfor ownfleets

- fuelinginfrastructure

- technology
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WHAT ARE OUR OPTIONS FOR FURTHER
ACTION ?

broad regulationof fleets or fuelingnotlikely

moreaggressivesubsidiesunlikely
fuels
fuelinginfrastructure
developingtechnolog.ies
vehiclesandconvers=ons

couldincreaseinformationprograms

be a brokerinthe marketplace
(strategicalliances)

convertgovernmentfleets

longertermR&D commitments

project-orientedactivity

FI
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

MARKET PLACE IMPLICATIONS IN THE
CHANGING WORLD OF MOTOR _ELS

POLICY PANEL DISCUSSION

Panel Moderator:. Frederick Potter

INTERMINISTERIAL COMMI_EE ON CLEAN
TRANSPORTATION FUELS

M.D. Harmelink
Ministry of Transportation of Ontario



INTERMINISTERIAL COMMITTEE ON CLEAN
TRANSPORTATION FUELS

Co-chaired by
M.D. Harmelink, _O I B. Beale MOEE

Presented to t_
1993 Windsor Workshop

On Alternative Fuels

M.D. Harmelink

Director

Ministry Transportation
of . Technology and
Transportation Energy Branch June 14, 1993ONTARIO

IIII
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Mac•sen Objective•
• Assess the potential of clean fuels and develop

• ssoo!•tad policy options •nd measure• to address:
• Develop government potley option• end

• trltegy option• togulde the develops•at • Air quality
and u•e of clean fuels for transportation • Health and eaiety

• Energy •uurlty
' CoordlMta alean fuel• xtivltles among - Tr•nsportation effieleney/effectivenea•

provincial minietrle• - Ontario industry opportunities
• Determine role of •nd potential for reformul•tad

gasoline/die•el fuel, oommarol•l altarnatlve fuels
•nd edv•noed ta©hnoiogie•

I I" I[I

............ _ II Ill i i iS i i l i

Clean Fuel• WORK GROUPS

• Modified existing fuel• , WG.1 Vehicle Emissions MTOIMOEE

. Reformul•tad gasoline end die•as • WG.2 Air Qu•lity Analysis MO|E

• Commercial ATIP• • WG.3 Health end Safety MOL/MCCR• I_lturld gt•
• Propeno

Melhenol • WG-4 Technology Review MTO

• Ethenot • WG.6 Industry Analysis MOEE/MEDT
' Energy technologies

. Elextrielty • WG-e Market Analysis MOEE

. Hydrogen

WG-1 Vehtc:ie Emission• WG.3 Air Qu•lity Analysis

* initial emission inventories for g•soline • Run ADOM model to establish be•aline sir

• 6%, 10%, lnd 1(1%penetration by each quality estimates
oleen fuel by 2010 In combin•tlon with
gasoline • Run ADOM model for 16% penetration b+/•

generic clean fuel in combin•tion with
• 6% ,10% end 16% penetr•tion by • generic raf_._rmulatedgasoline in the year 2010

(:seen fuel in ¢ombln•tiol, +ithreformulated
_•eollne in the year 2010 • Work with (:anyon models to predict Icx:alimpacts of clean fuels and reformulated

gasoline

J! I I I I I ii_ i
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WG-3 Health and Safety
WG.4 Vehicle Technology Review

• Review of toxicity characteristics of
conventional gasoline and clean fuels • Assess impacts of new car emissionstandards on benefits of clean fuels

• Toxicity on workers and public to be
lssessed * Assess possible Impact of new fuel

economy standards

• Concerned with aldehydes, benzene and • Review potential of new and emerging
other toxics te_:hnology with respect to emissions and

fuel economy

i i

WG-5 Industry Analysis WG-6 Market Analysis

• Assess impacts of gasoline reformulation • Review potential for clean fuels in s
on petroleum refiners number of transportation sectors

• Assess impacts of clean fuels on refineries * Assess the need for market incentives

• Assess industrial opportunities associated • Assess government role in promotion of
with clean fuels clean fuels

_, _ TRANSPORTATIONTECHNOLOGY& ENERGYBRANCH _ o.(_)_,TRANSPORTATK:)NTECHNOLOGY&ENERGYBRANCH
Ilnll ii _ iiii _11

i iill illill i

Projected NOx Emissions Carbon Monoxide Emission Prolections
350,. 2so0

30o i BASE I

" I.B,SE 1 2ooo" i°++ I °+°a RFG+ATF.,_____,___ 1.0o
111o IOOO

o_ o

_ 1. 1. 1. _oo 2oo6 2OlO _ 191_ 199o 19. 2o0o 2oo4 2OlOTRANSPORTATIONTECHNOLOGY, ENERGYBRANCH . _._ 'IRANSPORTATIONTECHNOLOGY. ENERGYBRANCH __ii
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i iii

r _ r
Projected Hydrocarbon Emissions

3oo Preliminary findings

kt2So • Emissions from on-road vehicles will
2oo begin to increase after 1995

1so • Clean fuels can significantly reduce
vehicle emissions In Ontario

10o

so

0
11_14 IOOO t_ _ 2OO6 2010

• i

iiiii i iir
Issues

• What are the most appropriate means for
reducing emissions from on-roed vehicles?

• What ere the roles of reformulated gasoline
and diesel fuel?

• What is the role of comrnerciai alternative
fuels?

• What is the appropriate reformulated
gasoline recipe for Ontario?

_ _(_) TRANSPORTATIONTECHNOLOGY& ENERGYBRANCH _._
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

POLICYPANELDISCUSSION:
MARKETPLACEIMPLICATIONSIN THECHANGINGWORLDOF MOTORFUELS
M. Harmellnk,Mlnlstryof Transportatlonof Ontarlo

Q. WhatreformulatedgasolinequalityisexpectedinOntario?

A. The essentialfactorswillincludereducedsulfurcontent,Reidvaporpressureof
9.5 psiinsummer,andoxygenatestoprovide2.1 weightpercentoxygen.



67

SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

POLICY PANEL DISCUSSION:
MARKET PLACE IMPLICATIONS IN THE CHANGING WORLD OF MOTOR FUELS
B. McNutt, U.S. Department of Energy

(Presentation unavailable at time of printing)

Q. Frederick Potter, IRI: Can you comment on trading credits for alternative fuel
vehicles that may go below the allowable emission levels?

A I believe that emission results from future vehicles in service may exceed
expectations, but the economic benefits for that performance is difficult to assess.

A David Rogers, U.S. Department of Energy: To add to Barry McNutt's reply, there
is a concept called ILEV or inherently low emission vehicle. It would meet LEV
exhaust emission standards and would have essentially zero evaporative
emissions. Vehicles using compressed natural gas or M100 methanol
conceivably could meet these standards, and would be eligible for credits under
the clean fuel fleet program.
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SESSION 1: AVAILABILITY OF ALTERNATIVE
FUELED ENGINES AND VEHICLES

Chair: Ron Bright, Ford Motor Company
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

CATERPILLAR'S VIEW OF ALTERNATIVE FUELED
MOBILE ENGINES

J.M. Headean
Caterpillar Inc.
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Agenda

• Introduction

• Heavy Duty Markets

• Technology Options

• Fuel Type

• Engine Technology

• Caterpillar's Technology Selections

• G3306 Mobile Engine

' • Specifications

• Hardware/Features

• Performance

• Product Status

• Summary
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Heavy Duty Markets

Transit Bus

Refuse Haulers

Pickup & Delivery

• Line Haul
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Technology Options

Fuel Type

CNG

• LNG

HD5

• Others
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Technology Options

Engine Technology

Stoichiometric w/3-Way
Catalyst

Lean Burn w/Oxidizing
Catalyst

Dual Fuel (Diesel Pilot)

Direct Gas Injection
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Caterpillar's Technology Selections

• Factors

• Current Markets Primarily
Intracity

• Start/Stop Application

• CNG/LNG/HD5 Regional
Opportunity

• Product
I

• G3306 Stoichiometric w/3-Way
Catalyst

• Lowest Emissions

• Responsive

• Fuel Adaptable
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G3306 Mobile Engine
Specifications

In-line 6, Spark ignited, 4-Cycle,
Turbocharged, Aftercooled

Displacement 638in 3 (10.5 liter)

Compression Ratio 10.5:1 CNG/LNG

8.0:1 HD5

Power Rating @ 2100 rpm 250 hp CNGAMG

235hp HD5

Peak Torque @ 1200rpm 850 lb-ft CNG/LNG
l

82Olb-ft HD5

I
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G3306 Mobile New Content

• Center Mount Exhaust Manifold

• Mobile Camshaft

• Altronic DISN Ignition

Woodward Min/Max Governor

• Deltec A/F Control

• Interface Electronics

• 3 Way Catalyst

• Mobile Gas Regulators

• ATAAC Connections
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G3306 Mobile Special Features

• CNG/LNG/LPG Capability

• Low LNG Pressure Capability

• 25 to 50 psi Operation

• Fuel Tolerance

• Closed Loop A/F Control

• Compensates for Seasonal Fuel
Changes

• Compensates for Geographical Fuel
Differences

• Reduces Possibility of
Overfueling/Overpowering



G3306 Mobile Engine Emissions
First Transient Cyde Test

1994 CARB EPA Cycle Steady State

NOx 5.0 2.5 0.4

NMHC 1.2 _ _

TH_C - 6.7 0.1

CO 15.5 3.5 0.03

PM 0.1 0.02 -

All Units g/bh_hr
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G3306 Mobile

Performance Improvements

• Schwitzer $2 Turbocharger

• Woodward Digital Min/Max
Governor

• Optimized A/F Response

• Improved Gas Regulator Response

• Added Pre-Catalyst



G3306 Mobile Engine Emissions
1993 CARB Certification Test

1994 CARB EPA Cycle

NOx 5.0 0.51 _'

NMHC 1.2 0.19

THC _ _

CO 15.5 4.63

PM 0.1 0.02

AnUnits_h__r
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G3306 Mobile Product Status

• 3 Units in Service

• 2HD5

• 1LNG

• 10 Pilot Units Built for 1993
Delivery

• CARB Certification Testing
Complete November 1993

• Planned Production February 1994
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Summary

• Heavy Duty Markets Evolving

• CNG/LNG/t-ID5 Capability Desirable

• Stoichiometric w/3-Way Catalyst

• Robust Technology for Current
Markets and Fuels

• G3306 Mobile Engine Developed

• CARB Certification Underway

• Optimized Emissions

• Good Driveability

• Fuel Flexible

• Fuel Variation Tolerant

• Proven Technology
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

CATERPILLAR'S VIEW OF ALTERNATIVE FUELED MOBILE ENGINES
J.M. Headean, Caterpillar Inc.

Q. Mostafa Kamel, Cummins Engine Co.: Why was stoichiometricoperation chosen
for the engine design?

A. We felt that the stoichiometric design offered more flexibility for the stop-and-
cooperation and was more suitable for low NOx emissions in inner city use. We
also have lean burn engines being developed for long haul applications where
higher NOx emissions are allowed and fuel economy is more important.

Q. James Grieve, Consultant: How does the durability compare for similar engines
operated on diesel fuel, propane, and natural gas?

A. These engines are derived from our diesel engines and use the same
components. Since the cylinder pressures are lower for propane and natural
gas, the engines are not stressed as much and durability is excellent.

Q. Matthew Bol, Sypher:Mueller International: Can you tell us the cost of these
engine compared to diesel?

A. I am mainly concerned with engineering and am not prepared to talk about cost.

Q. Anonymous : Can you give the fuel flow rate for these engines?

A. Fuel flow is about 7,500 BTU per horsepower-hour at rated speed and about
6,900 BTU per horsepower-hour at peak torque.

Q. Ron Bright, Ford Motor Co. of Canada: How would you rate customer interest in
this engine?

A. Currently there is more demand than supply, both for the product and for
information from potential users.

Q. Anonymous; What can you tell us about the catalyst formulation?

A. One of our few proprietary items is catalyst technology. We are deveioping the
stoichiometric three-way catalyst with the supplier, and technology is still
evolving.
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

CUMMINS NATURAL GAS ENGINE PROGRAMS
L10 G ENGINE UPDATE

V.K. Duggal
Cummins Engine Co. Inc.



Outline

• Cummins Product Line

• Natural Gas Engine Programs

• Technology and Product Evolution
CO
Go

• LIOG Status
- CARB Certification

- Field Experiences
- LNG Application
- Current and Upcoming Developments

• Summary
93283s03



Cummins Current Product Line

B6

c8

LIO

Mll _o

N14

K19

V28

K38

K50

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Horsepower

93283t19



Cummins Sl Gas Engines
Product and Technology Programs

136 m ught Duty Truck/Bus

C8 _ Genset / Automotive

L10 m urban TransitBus

Mll m Automotive

N14 m HighwayTruck o

K19 Genset

K38 Genset

K50 Genset

0 200 400 600 800 1000 1200 1400

Horsepower

l _odu.l_Tod--_ I t._o_



Average Refiners Prices
(Without Taxes)

$/MBTU
10

_ 1991

8.25 8.0 8.03 7.8 1992
8 7.5

4.0 4.0
4

2

0
Diesel Gasoline Propane Methanol Natural Gas

Monthly Energy Review - DOE 93214-4



Technology and Product Evolution

• Current product
-S.I. natural gas
- Take advantage of high octane properties, broader

combustion limits

-Implemented lean combustion concept
- Mechanical systems with limited el_tronic controls
-Adapt available subsystems

_lnherent limitations

- Optimum NOx particulates trade-off
- Less cost sensitivity

93283s05



Technology and Product Evolution (Cont'd)

• Next generation product
- Concept solidified (use across engine families)
- Integral electronic controls
- Rationalize subsystem function
- Design/procure to meet s_
- Commonalty of subsystems/parts
- ULEVemission target
- Cost effective

93283s08



Current Engine Spec.

Power 240 HP

Torque 850 FT-LBS

Transmission Automatic
t.O

Engine Cooling Water-cooled
(city bus specific)

F/A/Mixing Mechanical

Engine Control Limited, non-integral

93298=;03
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L10-240G NOx Emissions vs.
CARB/EPA Standards

6

5

2

0
CARB '93 EPA '93 EPA '94 L10-240G

9328312O



L10-240G Particulate Emissions vs.
CARB/EPA Standards

0.12

0.08
_D
CO

0.06

0.04

0.02

0

CAFIB '93 EPA '93 EPA '94 L10-240G

9_283t21



CNG L10 Engine Emissions Cert. Data
(g/bhp-hr)

1993 CARB CNG L10

Diesel NG Design Sacramento _,_ CARB
Standards Goals Requirement- Certification

NOx 5.0 4.5 2.5 2.0

PM 0.1 0.06 .06 0.02
I.O
_0

HC 1.3 0.9 .9 -

NMHC 1.2 - <1.2 0.6

CO 15.5 4.0 0.4

* Includes DF to 290,000 miles
9328,%07



Alu Suisse Cylinders

Construction: AI liner hoop wound with fibre tape
Size: 20 flx 13 in

Water capacity: 395 litres

Weight. 638 Ibs

Gas Volume: 3450 SCF
• aGas Weight. 150 Ibs

Range: 400 miles (4 tanks)
548d20a
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Cummins LIO Natural Gas Engine Locations

Salt Lake City, UT Binghamton, NY

_o_o,om s_o, NY
LosAngeles,CA Syracu_,NY
It. Worth, TX Rochester,NY

OT._m, Dallas,TX Mineola,NY

Cleveland,OH BrooMyn,NY
Columbus,OH Portland,OR

NYcity Mississauga,Ont Gary,IN c_

mNew_ NewYorkCity,NY Sacramento,CA
Pittsburgh,PA Austin,I)(

cay San Diego,CA El Paso,"rx
Hamilton,

Miami,FL
Lo.A.mk., Newark,NJ

,sa.Dk,m s St. Louis,MOII

p.,_ TX Tacoma,WAII

orate Co.nty,CA
m._ Galveston,TX

Reading,PA

9328.%09



Chassis Dyno Results - Sacramento CNGL10 Bus
Hot CBD Test Cycle (g/mile)*

NOx 6.5

PART .025
I--,
O

CO .035

NMHC **

CO2 2430

* Testsat SCRTD
** Not measured



Cummins Reliability Experience

Measure of reliability

100000 This curve represents experience from

several diesel development projects
10000

1000
O

100

X
CNG L10 Ac_al

10

1000 10000 100000 1000000

Total Accumulated Hours

93283s12



All Repairs & Inspections*

Miscellaneous 6% Mirrors 7%
Doors 6%

Body 9%
CIS6%

F--'
C_
U1

Farebox 4% Electrical 9%

Tmnml_ 3%

Rtmnlng Gear 12%

Engine/Fuel 20%

Ughtlng 18%

*TTCCNGBusOperaUon- MTODm
9253711



Fuel & ngJneRelated Work*E " -
(20% of all Repairs/Inspections)

FtumlSyzdem 7% Miscellaneous 11%

Engine Governor 6%

No Trouble Folmd 3% Ignition System 15% _"
O_

Stalling 2%
llllake _ 1%

catwy,,to,x,,

Lubdcating OII 19%

Low Rml 32%

"TlCCNGS.s Opemtk)n- MTOOata
O263110



LIOG Urban Engine Field Experience

• Field engines in urban bus refuse and urban
truck

• A total 350 engines have been built including 100
CARB certified config.

-Approximately 300 engines in revenue service
-Over 10,000,000 revenue miles
- Repeat orders

93283tl I



LIOG Urban Engine Field Experience (Cont.d)

• LIO G engine reliability approaching LIO diesel
bus engine

• Durability goals B10 - 250K miles; B50-350K
miles °O0

• Fuel economy ~ 2.5 - 3.8 MPG equivalent
diesel

• Oil consumption ~ 350-600 MPQ equal or
better than diesel

' 93283t14



LNG Application

• Opportunity for fuel quality control

• Fuel storage medium needs to be transparent to the
engine operation

• Standardize components, test schedule,
manufacturing costs

• Envision low pressure delivery system

93283s10



LNG Application (Cont'd.)

• A/F ratio and fuel rate must be managed to
maintain engine operation within the design
spec. Necessary for emissions, performance
and durability

k-.,
C_

• Systems evaluation planned/on-going in
laboratory and in field

-Gillig buses in Portland, OR
- Overnite truck in Roanoke, VA

• Develop general application specifications for
the OEM's

J
" 93283tl I I



Current Development Issues

• Sub-system issues

- Ignition system performance including plug life
- Fuel delivery system sensitivity
- Governor control stability
- Wastegate accumulato drain service

requirement

- Turbocharger wastegate control
- Catalyst thermal fatigue
- OEM/engine wiring interface

ge283s19



Developments Perspective

• Current Product Enhancements

- Digital governing
Electronic wastegate control

_Engine protection
Direct electronic link to transmission

_Fault code logging
- Shorter plug wire length
- 260 HP rating

• Future Product

- Rated at 300 HP and 900 Ib-ft peak torque
- ULEV emissions

- Full authority electronic control
- LNG/CNG compatible
- All automotive markets

93283s15



Summary

• Focused NG product development across
engine product lines

• Implemented new technologies and concepts
Cu

• Current product L10 G CARB certified close to
1998 ULEV standards. Low NOx emissions on
CBD cycle

• Next generation of products planned for mid
90's
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

CUMMINS NATURAL GAS ENGINE PROGRAMS. L10 G ENGINE UPDATE
V.K. Duggal, Cummlns Englne Co. Inc.

Q. RobertAlvey,BrooklynUnionNatural Gas: What typeof governoris beingused
onthe currentL10 engines?

A. Mostof the enginesare usingthe analogversion. There are aboutsixdigital
governorsoperatinginbusesinOntarioto gainexperiencewiththisnewer type.

Q. MorrieKirshenblatt,EnvironmentCanada: Can youelaborateon thecatalyst
thermalfatiguethat was mentioned?

A. Usingan oxidationcatalyst,unburnednaturalgas in the exhaustoccasionally
causes excessivethermal load. Thiscan occurwhenthe vehicle iscoast!ng
downhill. We are workingonways to handlethe problem.

Q. Anonymous:Questioninaudible.

A. Atypical busengineaverages 25 to 30 thousandmilesperyear, andaverage
speed is 10 to 12 milesper hour.

Q. Anonymous:What was the NOx deteriorationfactor?

A. We found nodeteriorationin NOx emissions. Basedon emissionstests at
intervalsof 250 hoursoperationupto 1000 hours,the NOx data actuallyshowed
a negativeslope.
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

DDC ALTERNATIVE FUEL PRODUCT EXPERIENCE
AND FURTHER DEVELOPMENT

S.P. Miller

Detroit Diesel Corporation



DDC ALTERNATEFUEL ENGINES

IN SERVICE

METHANOL =ETHANOL CNG LNG
I--=

TRUCKS 7 5 2 0 =

BUSES 454 21 38 _,f_

DELIVERIES IN PROCESS

TRUCKS 0 4 2 0

BUSES 108 3 16 180

DOC_
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METHANOL ENGINE EMISSIONS

G/HP-HR

HC CO NOx PM
C_

1998 TRUCK STANDARDS 1.3 15.5 4.0 0.10

METHANOL ENGINE 0.08 2.0 1.7 0.03CERTIFICATION RESULTS

oocO



METHANOL ENGINE DATA

BUSES TRUCKS

NUMBEROF UNITS 454 7
F_

TOTALMILES >10 MILLION >250,000 _

ENERGYCONSUMPTIONRATIO 1.03 - 1.30 1.0 - 1.20
(METHANOL: DIESEL)

TANK VOLUME VS. DIESEL FOR EQUAL
RANGE: 2.3 - 2.7 X GREATER

DD(:_







ETHANOL ENGINE EMISSIONS

G/HP-HR

HC I CO INOx i PM

1998 TRUCK STD. 1.3 15.5 4.0 0.10

ETHANOL ENGINE
CERTIFICATION RESULTS 0.7 1.7 4.2 0.04

ETHANOL ENGINE
DEVELOPMENTRESULTS 0.3 1.7 3.7 0.04 i

I

I

DDC_



ETHANOL ENGINE DATA

BUSES TRUCKS

NUMBER OF UNITS 21 5
k-=
t_

TOTAL MILES 400,000 430,000 _°

ENERGY CONSUMPTION RATIO 1.0 - 1.1 1.0 - 1.1
(ETHANOL : DIESEL)

TANKVOLUME VS. DIESEL FOR EQUAl,,
RANGE: 1.7 - 1.9 X GREATER

DDC_



DETROIT DIESEL CORPORATION
NATURAL GAS ENGINE PROGRAM

o PILOT IGNITION 6V-92TA
I.--=

',,_,'DIRECT INJECTION 6V-92TA

_ SPARK IGNITIONS-50

SPARK IGNITION S-30

ooc_





PILOT IGNITION NATURAL GAS
ENGINE EMISSIONS|11

DEVELOPMENTRESULTS

G/HP HRIll I--'

CO

HC CO NOx PM

1994 BUS STD. 1.3 15.5 5.0 .07

PI NG ENGINE 0.9 0.3 i 4.8 0.07

ODeO



PILOT IGNITION
NATURAL GAS ENGINE

IIII

BUSES TRUCKS

NUMBER OF UNITS 108 2

TOTAL MILES 1.5 MILLION 60,000

ENERGY CONSUMPTION RATIO 1.05 1.05
(NATURAL GAS : DIESEL)

TANK VOLUME VS. DIESEL
FOR EQUAL RANGE:
CNG- 4.7 X GREATER
LNG- 1.7 × GREATER

DDC_
III



ALTERNATEFUEL
DURABILITY EXPERIENCE

NATURAL
METHANOL ETHANOL GAS

MAXIMUM MILES ON ROAD 185,000 112,000 83,000

T_RDOWN INSPECTION
@ 100,000 MILES YES - .

e

METHANOL TEARDOWN RESULTS

_ RING & LINER WEAR EQUAL TO DIESEL

®BEARING WEAR SLIGHTLY HIGHER
THAN DIESEL

DDc,_







DIRECT INJECTION NATURAL GAS
ENGINE EMISSIONS

I II I I I III I II

G/HP-HR

HC CO NOx PM
r

1994 STANDARD 1.3 15.5 5.0 0.10

1998 STANDARD 1.3 15.5 4.0 0.10
.........

DI-NG EMISSION 0.6 2.0 2.5 0.05
TARGETS

DDC_



FAMILYOF SI-NG ENGINES

DISPLACEMENT

MODEL _ HP RANGE EPA CLASS
S-30G

(NAVISTARV8) 7.3 200-250 LIGHT-HEAVY

S-40G
(NAVISTARI-6) 8.7 250-300 MEDIUM-HEAVY

S-50G 8.5 250-300 HEAVY-HEAVY

S-60G 12.7 300-400 HEAVY-HEAVY

D[:)C_%



GENERALSI-NG ENGINEFEATURES

• LEAN BURN COMBUSTION TECHNOLOGY

• COMPRESSION RATIO 10:1
L,n

• AIR-TO-AIR CHARGE COOLING

®TURBOCHARGED WITH WASTEGATE CONTROL

®ELECTRONIC iGNITION, INJECTION AND
THROTTLE CONTROLLED THROUGH DDEC

• FULL DDEC CAPABILITIES

oocO



DEVELOPMENT STATUS
IIIIIII

S-50G
I

• LEAD DEVELOPMENT ENGINEIN FAMILY

• IMPRESSIVE EFFICIENCY, KNOCK-FREE PERFORMANCE
AT HIGH POWER DENSITY DEMONSTRATED

• FIRST ENGINE DELIVERED FOR CUSTOMER DEMO APRIL 9, 1993

e TARGETED START OF FULL PRODUCTION APRIL 1, 1994

S-30G

®AGREEMENT SIGNED WITH NAVISTAR FOR DEVELOPMENT,
PRODUCTION & MARKETINGOF THIS ENGINE

• BASELINE DEVELOPMENT DONE AT RICARDO

®TEST SCHOOL BUS INSTALLATIONCOMPLETED IN JUNE, 1992

• TARGETED START OF FULL PRODUCTION JANUARY 1, 1995

DDC_



4-71T METHANOL ENGINE
PROGRAM FUNDED BYTHE SCAQMD

USESMETHANOL + AVOCETIGNITION IMPROVER

BASEDON LAC-MTA 6V-92 M + A EXPERIENCE

_ COMPONENTCHANGESTO MINIMIZE _
_J

THE AMOUNT OFAVOCET REQUIRED
_-23:1 COMPRESSIONRATIO

LOWERDISPLACEMENTBLOWER

_ HIGH OUTPUT MUI INJECTORSDELIVER 160 HP
APPLICATIONSTO DATE

•_GENERATORSET
- AIRPORTSHUTTLE BUS

FOLLOW ON PROGRAMUNDERWAYTO DEVELOPDDEC
VERSION @ 200 HP FOR PORTOF LONG BEACHYARD

TRACTORS D D C _,_



8V-92TA ETHANOLTRUCK ENGINE

DEVELOPMENT-ONLY PROGRAIt/IFUNDED BY THE
GREATLAKES GOVERNORS COUNCIL

BASED ON THE 6V-92TA ETHANOL ENGINE
(USES THE SAME PISTONS, INJECTORS,
GLOW PLUG CONTROLLERS, ETC.)

USES CYLINDER HEADS & BYPASS BLOWER
FROM HIGH OUTPUT MILITARY DIESEL ENGINE

STATUS - CONTRACT AWARDED IN MAY,
ACTIVITY JUST BEGINNING

DDC_
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

DDC ALTERNATIVE FUEL PRODUCT EXPERIENCE AND FURTHER
DEVELOPMENT
S.P. Miller, Detroit Diesel Corporation

Q. Robert Last, FEV of America: Could you comment on maximum thermal
efficiency observed? Also, how does thermal efficiency change at part load
operationcomparedto a conventionaldieselengine?

I

A. The peak thermalefficiencywas about30 to 40 percentwhichis slightlylessthan
the diesel at full load. However,as loaddecreases,the thermalefficiencyof the
gas engine is slightlybetterthan the diesel engine.

Q. Ron Bright, Ford Motor Co. Canada: Is your work with liquefied natural gas
relatedto the availabilityof fuel inTexas?

A. The main factor is that Houston Metro has selected LNG as a test fuel with
potential for being used for their entire fleet. They have arranged for a fuel
supplynear Houston. Ourwork isbeingdone to respondto a customerrequest.

Q. Joseph Wagner, NYSERDA: What is the commercial potential for the direct
injectionengine?

A. We need to demonstrate reliability of the engine. We would expect this
technologyto be usedin off-highwayapplicationsof the largerengines.

Q. What abouttransitbusapplications?

A. We will have competingtechnologiesfor awhile and the outcomedependson a
lotof thingssuchas enginecostand fuel efficiency.

Q. Anonymous:Are youtestingvegetableoilsor bio-dieselfuels?

A. Yes, we are workingwith esterifiedvegetable oil as possibleblending agents.
They add oxygento the diesel fuel to reduceparticulatesin the exhaust. They
may also increase the NOx emissionsalthoughinjectiontiming adjustmentcan
compensatefor that effect. We have alsotestedbio-dieselas pilotfuel for ignition
of naturalgas.

Q. Mostafa Kamel, Cummins EngineCo.: Could you comment on pressure levels
for LNG injection?

A. There are a coupleof candidatefuel systemsbeing developed, tentativelywith
50 to 70 psipressurerange.
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DEDICATED NATURAL GAS ENGINES FOR
ON-HIGHWAY APPLICATIONS

"THE NATURAL CHOICE"

K. Boyer
Hercules Engine Company
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NOVEMBER25, 1992

i

PI£RCI,ILE$ ENGINES, INC.

TO

HERCULESENGINE COMPANY
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HERCULESENG/NE COMPANY
I e e (SRUiD o • IRJJil e 4 GINNP e • qllilJlO e • O • 6 qlNIIp e | O aJ • J • e 41OmlB e e _vJP • e _ e e J e e _ e e j e e j e e _ e e _ o e e

I Located In Canton, Ohio

nnFounded In 1915

anManufacturers of Dluel, Gasoline,
LPG and Natural Go| engines

I Afler sale support provided by a.Dletrlbutor..
Dealer network In the United States and Canao_

TnHercules' engines can be found In a number of
Industrial and On-highway applications
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HERCULES ENGINE COMPANY
"THE NA T/IRAL CHO/CE"

i

ENGINE MODEL GTA 5.6

n Dedicated natural gas engine

m 5.6 liter (339 cubic Inch) displacement

n 6 cylinder, In-line configuration

mTurbocharged and aftercooled (air to air)

m 190 horsopower at 2800 rpm

= 460 Ibs./ft. of torque at 1500 rpm

LJll II III I II iiiliiil i
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ENGINE DEVELOPMENT
BACKGROUND - GTA 5.6

II STARTED IN 1989 WITH G.R.I. CO-FUNDING

II PROJECT OBJECTIVES

- Similarpowerratingto
currentdiese7rating

- Lowemissions

- Enginecomponentcommonality

IIIII IIII IIIII I III II ,ll
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HERCULESENGINE COMPANY
"THENATURAL CHOICE"

ENGINE DEVELOPMENT ,i
i

BACKGROUND - GTA 5.6

i ....... iiiii ........................... lJJ llUlE. _ i

EPA 111111 Hercules
Diesel Natural Gas

NOx 5.0 1.68
THC 1.8 13.7
NMHC N/A 1.3
CO 15.5 3.6
PM 0.25 0.1

-Success stimulatedfurtherdevelopment
i
t
!

i

i

!

II I i
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HERCULESENGINE COMPANY
"THENATURAL CHO/CE"

ENGINE DEVELOPMENT i
BACKGROUND - GTA 5.6 i

IMECHANICAL. REFINEMENTS

_ -Iron platedpistoncrown

-Revised piston skirt profile

-Reduced ollconsumptionringset
-Modified valve stem oil seals

- Electronicfuel-ignition control

II Illl
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HERCULESENGINE COMPANY
"THENATURAL CHOICE"

ENGINE DEVELOPMENT
BACKGROUND - GTA 5.6

i = KEY TO LOWEST EMISSIONS

_ - Cyl. to Cyl. air/fuelratioconsistencyf

= FUEL SYSTEM

- Electronicair/fuelratiocontrol

= IGNITION SYSTEM

- 12 volt,capacitivedischarge
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HERCULESENGINE COMPANY
"THE NA TURAL CHOICE"

7
b

ENGINE DEVELOPMENT
BACKGROUND - GTA 5.6

=DEVELOPMENTSUB-CONTRACTORS

- ORTECHInternational

-Southwest ResearchInstitute

_ =FINAL CONFIGURATION

-Primarily dieselcomponents

i -Open loopelectronicfueland ignitioncontrol
-10:1 Compression ratio pistons

-Lean burn combustion
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TRAN$1ENTEMISSION TESTING

ENGINEOUTEMISSIONS

Grarns/Hp/Hr.

GTA 5.6 1994 CARB

NOx 1.56 5.0
THC 3.97 1.3
NMHC 0.76 1.2
CO 2.09 15.5
PM 0.06 0.1
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HERCULES ENGINE COMPANY
MODEL GTA 5.6

$ TATE OF CALIFORNIA
AIR RESOURCES BOARD

i

EXECUTIVE ORDER
A-289-3

i ,

Issuedon March30, 1993
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HERCULESENG/NE COMPANY

WARRANTY

_' • TWO YEARS

• UNLIMITED MILAGE

• 100% PARTS & LABOR
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

DEDICATED NATURAL GAS ENGINES FOR ON-HIGHWAY APPLICATIONS-
THE NATURAL CHOICE
K. Boyer, Hercules Engine Company

Q. Mostafa Kamal, Cummins Engine Co: Could you comment on gas supply
pressure to the engine?

A. Yes, the system requires 100 psi at the intake side of the regulator.
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NATURAL GAS ENGINE AND VEHICLE
DEVELOPMENT AT NAVISTAR

PROGRAM STATUS

R.A. Baranescu
Navistar International



• Introduction - Market Forces
Toward Natural Gas Fuel

• Natural Gas Engine Concept
Development At Navistar

• Field Demonstration Of
CNG Vehicles

• Natural Gas Engine
Production Development

• Summary And Conclusions



NAVISTAR CNG ENGINE PROGRAM
MARKET FORCE INFLUENCE ON NAVISTAR

• 50% Share On School Bus Market

• 35% Share On Medium Truck Market
!..=

• 25% Share Of Heavy Truck Market

• Largest Volume Diesel Engine Producer

• Navistar Holds A Leadership Position And
Responsibility



NAVISTAR CNG ENGINE PROGRAM
NAVISTAR'S MARKET STUDY

• A Sizable CNG Engine Market Exists Both
Due To Mandates And Customer Benefit Reasons

• Initial Application To Centrally Fueled Fleets,
Buses, Delivery Trucks, Etc. ._

• Must Meet EPA And California Emission Standards

• Customers Require Low Cost Of Ownership

• No Loss Of Power, Performance, Range,
Driveability, Etc. Is Acceptable

• Use Commercially Available Fuel

RB7_593



NAVISTAR CNG ENGINE PROGRAM
DESIGN FEATURES

Power and Speed 210 HP @ 2800 RPM

Torque 450 Ft. Lb. @ 1800 RPM

Compression Ratio 10 to 11.3

Combustion Lean Burn
.,J

Fuel Efficiency 30% Better Than Gasoline 15% Worse Than Diesel

Emission Goal Meet EPA & California Standards

intercooling Only Later

Catalyst Not Planned; Possibly Later

Mechanical Mixer For Veh. Demo
Fuel System Electronic Gas Valve For Prod. Dev.

ignition High Energy CD For Veh. Demo
Automotive Induction System For Prod. Dev.

RB6B_593



NAVISTAR CNG ENGINE PROGRAM
DESIGN MODIFICATIONS- CYLINDER HEAD

• Plug Position

• Sleeve Design
I-,
..j

• Metal Sections =

• Rocker Cover Modification

• Seat Inserts

• Use Of Current Casting
RB_S_



NAVISTAR CNG ENGINE PROGRAM
DESIGN MODIFICATION - PISTON

• Compression Ratio Selection

• Lost Volumes - Valve Recess
U_

• Undercrown Thickness

• Ring Height

• Thickness Behind Ring

• Chamber Orientation/Plug Position





NAVISTAR CNG ENGINE PROGRAM
DESIGN MODIFICATIONS- INDUCTION SYS M

° Turbocharger Selection

• Mixer Selection
-J

• Mixer / Throttle Relationship

• Upstream / Downstream

• Installation Constraints

itm) IIA1fll8
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NAVISTAR CNG ENGINE PROGRAM
ACHIEVEMENT

Torque Curve Target Achievement

Rated Power (2800 RPM) 210 BHP 210 BHP

Peak Torque (1800 RPM) 450 LB FT 450 LB FT

Low Speed (800 RPM) 240 LB FT 285 LB FT

Emissions (G/BHP-Hr) Over FTP Transient Cycle):
NOx 4.5 2.0

CO 12.5 2.84

NMHC 1.0 0.56

PM 0.08 .

Efficiency

Brake Thermal Efficiency
(Hot Cycle) 23.0% 28.1%

R B5_593
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KEY DESIGN ISSUES OF
NATURAL GAS ENGINE

• CYLINDER HEAD DESIGN
- Cast-In Spark Plug Access
- Cast Valve Cover (Accessibility

Simplicity Of Sealing)
- Water Jacket Optimization

• VALVE AND SEAT WEAR (ESR EXHAUST VALVE)
- Exhaust Seat Angle
- Valve Face And Seat Materials

• OIL CONTROL (POWER CYLINDER ROBUST AGAINST
EFFECT OF VACUUM IN INDUCTION SYSTEM)

- Side Clearance On All Rings
- Piston Land Diameter
-Oil Drain Back

• COMBUSTION BOWL GEOMETRY
(EFFECT OF TURBULENCE)

nsls_s_



CALIBRATION OF VEHICLE
DEMONSTRATION ENGINE

• Best Overall Solution To Satisfy:
-Torque Shape Requirements
- Low Emissions- NOx And HC

- Acceptable Thermal Efficiency
- Robustness To Ambient Temperature °

Effects

° Within Limits Of:

- M!xer's Lack Of A/F Ratio Control
- M_xer's Lack Of Temperature

Compensation
- Wastegate Actuator Hardware

RB19.593
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FIELD TESTS AND
VEHICLE DEMONSTRATIONS

° Objectives
- Evaluate Engine And Fuel System

in Vehicle Operation
- Provide Workhorse For New Designs =_
- Demonstrate Proof-Of-Concept =

To Potential Users

• One "Mule" School Bus (At Navistar)

• Five Demonstration Vehicles At Customers
- Four Buses
- One UPS Vehicle

RB18_593



MULE VEHICLE PROGRAM

• VEHICLE SPEC
3700 Chassis School Bus
Exhaust System Compatible W/CNG
Accelerator Cable To CNG Throttle

• FUEL SYSTEM
i..-=

Four Fuel Tanks (15 X 54")
5000 Ft 3@ 3000 PSI Capacity
200 Mi Operating Range
Two Stage Pressure Regulators

• ENGINE
7.3 CNG Proof-Of-Concept Engine
Impco 200 Carburetor
Altronic Ignition System W/ECM
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MULE VEHICLE PROGRAM (Cont'd)
• ACTIVITIES

- Fuel Economy, Operating Range
- Driveability Performance
- Engine Cooling, Heater Performance

- Cylinders Supplier Cert. Tests
- Cylinder Mounting
- School Bus Barrier Tests

- Ignition System Tests
- Radiated Emissions
- RF Susceptibility
- Interference On Radio Systems Immunity To Water

Engine Validation



PRODUCTION DEVELOPMENT

Joint Venture Between Navistar & DDC

Time Frame: August 1993- December 1994

Focus'. o
- Electronic Fuel System (Gas Valve)
-Ignition System (Automotive Inductive)
-Integrated Engine Controls (DDEC)
- Durability / Reliability Validation

Twenty Nine Engines In Laboratory And Field Tests
RB14_593



SUMMARY AND CONCLUSIONS

• A 7.3 Liter Lean Burn Natural Gas Engine Concept Was
Demonstrated - For School Bus And Truck Applications -
That Achieves The Same Power Output And Torque As
The 7.3 Liter Diesel Engine

_O
U1

• The Proof-Of-Concept Has Demonstrated Emission Levels
Lower Than Initial Targets On All Major Pollutants,
And Compliance With Emission Standards of 1994- 1995
(US &, C_.!if_.rnia)

• Ene,_,,_yE_,_s_-=,¢yOf The Concept Engine Has Exceeded
Initia| _Ta_ge_; It Is Only About _2% Inferior

• !To Duese Efficiency

RS_S_m



SUMMARY AND CONCLUSIONS (Cont'd)

= Upcoming Vehicle Demonstrations Will Validate The
Proof-Of-Concept And The Key Design Features Such As:

- Cylinder Head
- Valve Train Design And Durability
- Power Cylinder Design For Oil Control
-Air Management, Induction System
- Vehicle Fuel System

• Production Development Of The 7.3L Engine Will
Focus On:

- Fuel System Development
-Ignition System Development
-Integrated Engine Controls

To Utilize The Latest Technology Achievements In
Gaseous Fuel Systems And Electronic Controls

R B 16_593



SUMMARY AND CONCLUSIONS
(Cont'd)

• Market Introduction Of The New Engine is 1995

• The 7.3 Liter Natural Gas Engine Is A Viable Alternative
For Advanced Mobile Applications Where Gaseous
Fuels Are The Preferred Choice (Non Attainment Areas,
Urban Fleets, School Buses, Etc...)

• Future Developments May Be Applied To This Engine
To Reduce Emissions Even More, In Compliance With
Evolving Standards

RB17_$g3
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

NATURAL GAS IN VEHICULAR APPLICATIONS- STATUS OF DEVELOPMENT AT
NAVISTAR
R.A. Baranescu, Navistar International Corporation

Q. Eric Milkins, NGV-Australia: We have had similar experience with lean burn
engines with a range of 1.5 to 2.0 for lambdavalues. Would you commenton
air/fuel ratiosused inyourwork?

A. We startedat a lambdavalueof 1.5, but havegoneas highas 1.7 whichwas the
maximumvalue limitedby hydrocarbonemissions. With an oxidationcatalystwe
couldgo to highervaluesof lambda.

Q. Mostafa Kamel, Cummins Engine Co.: Can you tell us why the capacitive
dischargeignitionsystemwas selected?

A. This engine was developedfor the lowestpossiblecost, and the ignitionsystem
selected wasthe obviouschoicefor that objective.

Q. Mehboob Sumar, ORTECH International: Was there any pre-ignition or
deteriorationat highspeed?

A. So far, no problemshavebeen experienced.
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

UPDATE ON LIGHT DUTY ENGINES
PANEL DISCUSSION

Panel Moderator. Ron Bright

GENERAL MOTORS ALTERNATIVE FUELPRODUCTS

J. Christie
General Motors of Canada

(Other presentations made during this Panel Discussion are unavailable)
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HISTORYOFGMALTERNATIVEFUELVEHICLEPRODUCTION

FUEL TIMEPERIOD PRODUCTS VOLUME

PROPANE/LPG 1984/85 PICKUPS& VANS(CANADAONLY) <300

METHANOUETHANOL 1991/93 CHEVROLETLUMINAVFV 2100

ETHANOLE20+ THRU1993 GMDOBRASILCARS& TRUCKS 250,000

NATURALGAS 1992/93 GMC/CHEVROLET3/4TONPICKUPS 2300

ELECTRICITY -" GMOFEUROPEBEDFORDVANS 70

ELECTRICITY 1991 GM/VEHMAG-VAN

ALTERNATIVE

.EBI_LOeOll Jw4.nml'L VJI'P,r s c n- E._



WEHAVELEARNEDA LOTABOUT:

ALCOHOLVFtPS: GASEOUSFUEL VEHICLES:

• FUELSENSORS& INJECTORS • COMPRESSIONRATIO& POWER

• EVAPORATIVEEMISSIONCONTROLS • CNGFUELSTORAGE

• HOTRE-START • AIRFUELDISTRIBUTION

• COLDSTART • COLDSTART

• MATERIALCOMPATIBILITY • FUELPRESSUREREGULATOR

• FUELPUMP • TAILPIPEEMISSIONS

• CONVENTIONALTAILPIPEEMISSIONS

AL T_R_.4 TIVE

JMCLOeOl Or4.t4l'L VmI'P.f DCL_



THEREISMORETOLEARNABOUT:

ALCOHOLFUELVFV'S GASEOUSFUELVEHICLES

• ALDEHYDECONTROL • OBDII-DIAGNOSTICS

• ULTRA-LOWEMISSIONS • HIGHMILEAGECOMPONENTDURABILITY

• SPECIFICCATALYSTS • THCCONTROL

• ENHANCEDEVAPORATIVEEMISSIONSTANDARDS • FUELSTORAGE

• OBDII-DIAGNOSTICS • LOWERCOSTSYSTEMS

• HIGHMILEAGECOMPONENTDURABILITY

• HANDLINGLOWQUALITYFUEL

• LOWERCOSTSYSTEMS



WHERETkJEDEMANDWILLBE, 2000A.D.:

EPACT + FEDERAL& STA'rEFLEETS

+ FUELPROVIDERS

+ PRIVATEFLEETS

I 1
FREEMARKET . STA_UNICIPAL FLEETS

• PRIVATEFLEETS

• INDIVIDUALS

AL TERMA TIV_

JMi_LO@01 F4.JFI L VEHICLES



WHYTHEYWILLBUY:

ALCOHOLFUELVEHICLES GASEOUSFUELVEHICLES ELECTRICVEHICLES

I
I

• MANDATED&LOWFUELUSERS • MANDATED&HIGHFUELUSERS • OEMANDATEDSALES
(2%CALIFORNIA)

• MANDATED&LOWBID • MANDATEDNGVPURCHASES

• ADVOCATES_.UELPROVIDERS • FREEMARKETHIGHFUELUSERS

• ADVOCATES/FUELPROVIDERS

JMCI3:B._3-4t;_X#¢_##

ALTERNATIVE
iw4Ll_rL V_P#'I C m-E.._



ROLL-OIJt=PRODUCTS+ TIMING+VOLUMES+ WHERE1

ALCOHOLFUEL GASEOUSFUEL ELECTRIC
VEHICLES VEHICLES VEHICLES

PRODUCTS COMPACTCARSTRUCKS FULLSIZECARSTRUCKS COMMUTERCARANDOR
CURRENTCONVERSIONPRODUCTS MINIVAN

TIMING 1998- 2000AD NOW 1998

VOLUMES N/A N/A 2%OFOE
CALIFORNIASALES

WHERE US WIDE USWIDE& CALIFORNIA
REGIONAL

ALTERNATIVE
JIIcLoeol _UAE'L VAI'P,18 C L E,_

rt i i ,
i



BUSINESSCASE= CONSERVATIVE+ OTHER
ESTIMATE SUPPORT

I

"OTHERSUPPORT"HASSIGNIFICANTUPSIDEPOTENTIAL:

• CAFECREDIT • EPACTFUELUSEOBJECTIVE

• PUBLICRELATIONS • COMPETITIVESTRATEGIES

• "HALO'SALES • MARKETSOUTSIDEUSA

• IMPROVEGASOLINE • FUELPROVIDERMARKETING

ALTERNATIVE
_#.lJr L VEPIr l C C.E -_



WHATCOULDWILL HAPPEN:

1. OE'SCOULDABANDONMETHANOUETHANOLPROGRAMS

• FUELCOSTNOTATTRACTIVE

• FRAGMENTEDMARKET

• GOVERNMENTPOLICYDRIVEN;NOCUSTOMERDRIVERS

• FUELINFRASTRUCTUREINADEQUATE

• FUELQUALITYNOTADDRESSED

• EXPENSIVEO.E.DEVELOPMENTPROGRAMS

• CHALLENGINGEMISSIONSTANDARDS:OBDII& EVAP

BIGFACTORS:GOVERNMENTPOUCY,FUELCOST,FUELQUALITY,FUELAVAILABILITY !

AL TEFINA TIV_
•IMCLOeO! Am'ILP4rL VmE'l'fOCL_._



WHATCOULDWILLHAPPEN(Cored):

2. OE'SWILLBEINTHEGASEOUSFUELMARKETWILLINGLYORUNWlLLINGLY

+ TWOWAYS

AFTERMARKETCONVERSIONS

O.F_MON@FUEUBI-FUELPROGRAMS

• FREEMARKETCUSTOMERDRIVEN - LOWFUELCOST&ENVIRONMENTALBENEFITS

• STEADYREGIONALGROWTH

• HOMEREFUELLINGAPPUANCE

• PRO-ACTIVEGOVERNMENTSUPPORT- FEDERAUSTATE

BIGFACTORS:PRODUCTCOSTS;FUELOUALrrY;FUELAVAILABILITY !



WHATNEEDSTOBEDONE:

1. MOVEALTERNATIVEFUELVEHICLESOFFTHEENVIRONMENTALAGENDA

• SMALLVOLUME;SMALLBENEFIT

• OTHERMOREEFFECTIVESTRATEGIES

2. IMPLEMENTAN EFFECTIVECOMMERCIALJT.ATIONSTRATEGY

• DRIVENBY ENERGYSELFSUFFICIENCY& ECONOMICS

• UTIUZECUSTOMERINFLUENCES

4, WHATMAKESSENSETOCUSTOMER,MAKESSENSEUPSTREAM

¢, CUSTOMERSNEEDTOUNDERSTANDANDBELIEVE

ALTERNATIVE
JIBCLOe01 F 4LI'ME"L Vm_'4J.81C L _ B
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

UPDATE DATE ON LIGHT DUTY ENGINES- PANEL PRESENTATIONS
GENERAL MOTORS ALTERNATIVE FUEL PRODUCTS
J. Christie, General Motors of Canada

Q. Anonymous: Is there a reductionin purchasesof alternative fuel vehicles after
their introduction?

A. Yes, the initialpurchaseratesare the highestrightafter the productionrun. It is
a matterof developingthe bestproductforcustomeracceptance.

Q. Anonymous:What has been the experienceon warrantycostsfor propaneand
naturalgas conversions?

A. We _malyzeddata on 10,000 vehiclesover the last 10 years in Canada. The
signiticantfindingwas that complaintswere relatedmoreto the installationrather
than to the hardware.
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

HIGHLIGHTS OF CHRYSLER'S ALTERNATIVE FUEL PROGRAMS
J.W. Lanigan, Chrysler Canada Ltd.

(Presentation unavailable at time of printing)

Q. Alex Lawson, Alex Lawson Associates: I didn't hear hybridelectric vehicles
mentionedinyourtalk.

A. We are not ignoringthat possibility. The program will be emphasized when
appropriatefor the consumer.

Comment: Ron Bright,FordMotorCo. - Canada: The Universityof Albertawas
first in competitionwith 30 universitiesand did an outstandingjob of vehicle
modification.

Q. BernieJames, Energy, Mines & ResourcesCanada: What percentageof power
do youexpectfrom regenerativebrakingsystems?

A. It dependson the duty cycle, but in currenttests we get on the order of 5 to 10
percent.
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

STRATEGIES TOWARD EXPANDING NGV PRODUCTION
T.W. Rogers, Cardinal Automotive Inc.

(Presentation unavailable at time of printing)

Q. Chandra Prakash, Environment Canada: How many vehicles have you
convertedto naturalgas?

A. We do moreconversionsto fuelsotherthan naturalgas. The demandfor natural
gas conversionshas been relativelylow, and we have done groups of 1 to 4
vehiclesat a time.
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

AFTERMARKET NG CONVERSIONS OR OEM PRODUCTS - STRATEGIC OPTIONS
AND I IMPACTS
B. Wilson, Colorado State University

(Presentation unavailable at time of printing)

Q. Anonymous: Various conversionsare now available with closed loopcontrols
integratedwith hardware. Wouldyoucommenton these?

A. There are five typesof systemsbeing used: Fully mechanical,mechanicalwith
closed loopoxygen feedback, fully electronicadd-ons, translators which work
with OEM computers,and OEM electronic systems. The second of those, if
properlyinstalled,gives good air/fuel ratio controlat steady state but does not
handletransientswell.
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SESSION 2: EMERGING TECHNOLOGIES

Chain. Bernie James, Energy, Mines & Resources Canada
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

EXPERIENCE WITH LNG AND LNG - CNG

V. Jayaraman
ConsolidatedNaturalGasCompany



ISSUES TO BE COVERED

• What is LNG?

= Why should we consider using LNG as a transportation fuel?

• What is LNG's availability/price?

• Is LNG safe?
p-=
(:o

• Who are all experimenting with LNG at this time?

• What has been their experience to date?

• What are the technical/commercial/regulatory obstacles?

• Is there a role for LNG in fueling CNG vehicles?

v3/z13o



LNG (LIQUID METHANEI PROPERTIES

= Temperature @ Atmos. Press -259°F
• Density 3.54 Iblgal
• 1 Gallon LNG 83.6 cu ft of gas

• LHV of Methane (CH 4) 911 Btu/cu ft

• LHV of LNG (CH4) 76,160 Btu/gal

• LHV of Gasoline (C4-C10) 114,132 Btu/gal
• LHV of Diesel (C12 - C20) 129,400 Btu/gal __D

• 1 gal Gasoline = 114,132 = 1.5 gal LNG
76,1160

• 1 gal Diesel = _ = 1.7 gal LNG
Ib, lbU

va/1130



WHY LNG?

• @ 3000 PSI, 250 cu ft Natural Gas in 1 cu ft of space

@ LNG, 625 cu ft Natural Gas in 1 cu ft of space

.'. With LNG, we can pack 2 1/2 times as much fuel in a given space.

• LNG offers the possibility of being able to control the fuel composition within close limits.
_J
r_3
o

• LNG offers the possibility of being able to serve areas not covered by pipeline gas.

• LNG fuel tanks could cost only about half that of compressed gas tanks.

• LNG fueling stations could cost only about a third of compressed gas fueling stations.

• Delivered cost of LNG on vehicles could be less than that of compressed gas.

V,..//1130



LNG SAFETY

• Cryogenic liquid; possibility of severe burns on contact.

• Vapor heavier than air below - 170°F, thereafter lighter than air.

f_O

[] More difficult to ignite and sustain ignition than gasoline/diesel.

= in accident situations, probably safer than gasoline/diesel if no
ignition; if ignited, probably less intense fire than gasoline/diesel.

• No odorant; need to depend on methane sensors.



GENERAL INFORMATION ON CRYOGENIC LIQUIDS

LIQUID TEMP. AT ATMOS. PRESS.

Helium -452°F 1.04

Hydrogen -423 oF 0.59

Nitrogen -320°F 6.75

Argon -303° F 11.63
r,o
_o

Oxygen -297°F 9.52

Methane -259°F 3.54

vJ/llao



PRFSFNT & FUTURF LNG PROJECTS IN THE U.S.

Present Roadway Express - 3 trucks running; 4 more planned

Houston Metro - 80 buses running; hundreds more
planned

' Greater Austin Transp. - 26 vehicles running

Burlington Northern - 2 locomotives running
Railroad _

Others

Future Chambers Development - 7 refuse haulers

Dallas Area Rapid - 30 buses
Transit

Los Angeles Airport - 12 coaches

Union Pacific Railroad - 6 locomotives

Others



TECHNICAL OBSTACLES

= Vapor Generation - Recovery, Disposal

- Effect on Economics

= Ease of Fueling - Intermittent Operations

- Priming, Cool-down,
Cavitation

- Heat Pickup

= Metering - Liquid/Vapor

• Sensors - Cool-down

- Vehicle Filling

• Weathering - Pure Methane

- Pipeline LNG

• Odorant



LNG HARDWARE PRICES

• lO0-gallon fuel tank $ 4,000

• 10,O00-gallon storage tank 100,000

• Submerged transfer pump 20,000 _
LP

= LNG dispenser 75,000

• LNG fueling connector 5,000

VJI1158



• NFPA 57 under preparation

m Local autho_es have cooperated
C_

• Tunnels

m Roof-mounted tanks



#

Capacity, SCFM 50 240 700
Inlet Pressure, PSIG 15 1130 50

Outlet Pressure, PSIG 3600 3600 3800
HP 30 1_

Storage, SCF 44,000 ? 22,000

Costs- Compressor 40,000 3_,_ _
- Storage 55,000 39,_ -_

- Dryer 25,0(_ 3_, 000 69,_
- Disl__r 32,000 _,_
- Site Prep, Install, Misc. _ 90 [gift 150.000
- Total $ 250,(gg) 470,000 650,(gg)

Cost $1SCFM 5,_ 2,000 1,_

Variables: LnletPressure

Storage

Site Prep

VJ/11:_



_/_ LNG Tank
15 GPM

40 HP

..... (wa.OOO osvlkJ 15 GPM ! 1260 8CFM
1,31u,uuu ,. Pum-

I Ii Engl_ I • . p ------. Vaporizer} ,,,,,Biuh
5 4_ PSlG v ,_2 HP ._____ 4000 PSIG :.j•

.. 165 lip i (:_soeo - - T

J 4_°v°_°° _..hi Dyno i 815.000 Btuh

eoo.oooBtuhi T818.000 Btuh i

393.000 Btuh _ Mech. Thnal

m

102.000 '_ 816.000
Waste (30%) SYSTEM EFFICIENCY - X 100 - 70'15

1.310.000



*LNG Tank (10,000 gallons) 100,000

LNG l_amping/Vaporizing System 150,0(O
(15 GPM or 1250 SCFM, @ 4000 PSIG)

Site Prep, Install, Misc. 50,000

Storage 35,000

Dispenser _)._(K_

Total $ 375,000

Cost $/SCFM 300

*Can serve 100 vehiclesday at the rate of 100 gaUons/vetu'cle.

VJI113&



AD__V_AHT2LGI

• Much lower cost _ compressed gas systems.

= No moisture in gas.

= Can control gas temperature to compensate for
temperature rise during fast fill. t_

O

= Mobile fueling s_ons possible.

= Need supply of LNG.

= Cost of LNG could vary from competitive to

non-competitive, depending on hauling distance.

VJ/1134
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1993 WI_SOR WORKSHOP ON ALTERNATIVE FUELS

EMERGING _CHNOLOGIES FROM SwRI

J. Cole, D. Meyers, K. Guslielmo
Southwest Research Institute
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Emerging Technologies From SwRI

Abstract

SwRI has been working to reduce emissions from powerplants
burning many types of fuels. A hybrid rich-burn/lean-burn engine
concept has been developed to take advantage of the high hydrogen-
to-carbon ratio of natural gas. Rich-burn operation using natural
gas produces high amounts of hydrogen and carbon monoxide in the
exhaust. This exhaust can then be routed through a watershift
catalyst where additlonal hydrogen is produced. The hydrogenated
exhaust from rich-burn cylinders can then be supplemented to
remaining lean-burn cylinders to extend the lean limit and further
reduce NOx emissions.

In addition to the unique low emissions engine concept
discussed above, SwRI has been developlng advanced engine control
technology for alternative fueled engines. A custom PC-based
universal engine controller has been developed to enable
researchers to fully optimize engines for performance and
emissions. SwRI has also aided in the development of an advanced
lean-burn control system for heavy-duty natural gas engines and a
natural gas conversion system for llght-duty vehlcles. The details
of these control systems includlng recent test data will be
presented.



• Hybrid Rich-Burn/Lean-Burn
Engine Concept

• Advanced Engine
Control Technology

HYBRID RICH-BURN/LEAN-BURN
ENGINE CONCEPT
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OBJECTIVE

• Demonstrate New Engine Concept

• 5 ppm NOx @ 15% Oxygen
Stationary Engine

• Retain Thermal Efficiency
of Base Engine

LEAN-BURN COMBUSTION

• NOx Decreases Phi<0.9

• NOx Level Limited by Misfire Limit

• Hydrogen Extends Misfire Limit of NG
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HVDROGEN EFFECT ON LEAN LIMIT
r •

Lean Limit, Phi
:).62

3.58 ...........................................................

0.56 ..........................................................

0.52
0% 0.1% 0.2% 0.3% 0.4% 0.5% 0.6% 0.7% 0.8% 0.9%

%H2 of Total Fuel (by mass)
I i !

EQUIVALENCE RATIO EFFECT ON NOx

NOx (ppm)
35

30

25

20

15

0 ..............................................................

..............................................................

0
0.52 0.54 0.56 0.58 0.6 0.62

Equivalence Ratio (Including H2)
I I
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RICH-BURN COMBUSTION

• NOx Decreases Phi>l.0

• NOx Level Limited by High CO and HC

• Excessive Hydrogen and CO Produced

• Hydrogen Production= f(H/C,Phi)

H/,3 EFFECTSON HYDROGENPRODUCTION
i i iiiii

%H2 Production (vol)
12.0%

-t- Methane

10.0% _ Natural Gas ...........................................

8.0% -=-LPG
-x-Gasoline

6.0% +Diesel ..................................

4.0% ..................................

2.0% ..................... •......................

,

0.9 1 1.1 1.2 1.3 1.4 1.5

Equivalence Ratio
i

ii i
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H2 & CO EMISSIONS
Labeco CLR Test Engine

i i

10.0%

_- CO

8.0% -=-Hydrogen .................................................

6.0% ..............................................................

4.0% .......................................................

2.0% ..........................................................

0.0%
0.9 1 1.1 1.2 1.3 1.4 1.5

Equivalence Ratio
i iiii ii i i I i _

WATER-SHIFT CATALYST

• Converts CO and Water from Rich-Burn
Exhaust into Hydrogen and CO2

CO + H20 ---, C02 + H2
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HC & NOx EMISS!ONS
Labeco CLR Test Engine

I_[111 I[ 11113[ I I

i I i i l liiiiii I I

Emissions, ppm (Thousands)
8.0

•Ik Hydrocarbons I8.0 _NOx ..............................................

eO ......... _ ................................

2.01 ..............

0"%.9 1 1.1 1.2 1.3 1.4 1.5
Equivalence Ratio

I I I

HYBRID RICH-BURN/LEAN-BURN
ENGINE CONCEPT

• Operate 1 Cylinder Phi>14

• Rich Exhaust Through Watershift Catalyst

• Supplement Remaining Lean Cylinders
w/Hydrogen and EGR
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PROJECT TASKS
II IIIIIIIu I I I II IIII I In1 I I I I , , III, lilt, I ]11 , , ,,,,,1, , ,, I I _tlJ] : ,Lrl

1. Modeling

2. Rich-BurnExperiments

3. Combined Rich/LeanExperiments
(TwoSingle Cylinder Engines)

4. Full-Size Engine Demonstration

5. RetrofitPackage For
Field Demonstration

ACCOMPLISHMENTS TO DATE

• Minimal Modeling Completed

• Rich-BurnCompleted- 10:1 Diesel Piston
(Burn RateToo Slow at Phi= 1.45)

• High-Turbulence PistonDesign Completed

• Twin Engine Set-Up Completed
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BENEFITS

• Extremely Low Emissions
w/o ExhaustAftertreatment

• Lean-Limit Extension Increases
Efficiency-ReducedThrottling

• Ultra Rich/LeanBurn Allows
Increased Compression Ratio

ADVANCED ENGINE
CONTROL TECNOLOGY
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ADVANCED CONTROL TECHNOLOGY
OUTLINE

i inin eli 11111111,miNI : I IIIIIH,, III II =,,mi1,la,H , II III IIIII II II i::: #r i i iii u iii i i ii

• Custom Engine Control System

• PRO-LEANEngine Control System

• TRANSkATORConversion System

FEATURES
CUSTOM CONTROL SYSTEM

nir H II I I

• Fuel Neutral

e TBI/SMPI

• Adaptive Spark Control

• Advanced Adaptive Fuei Control

• Mass Air Flow or Speed-Density
Open-Loop Fuel Metering

• Advanced Transient Compensation
Ilili
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FUEL DELIVERY
CUSTOM CONTROLSYSTEM

::2 - _21][i iii iii ii ii [i ]1 [] i [ i ii ,,,,,,./,,|,.,., ,,,, i[L ii - ], J j[, i ,,,, nTl,,,,m,| ,,,,,|n ,,,, ,,,,, ....... .... I I

• InterfaceCircuitryfor Driving:
GasolinePWM Injectors
NG PWM Injectors
CNG ProportionalMeteringValves
Diesel ElectricallyActuatedInjectors

FUEL DELIVERY
CUSTOM CONTROLSYSTEM

irlll ii i1! ! i ii I i i iii i i ii ii ,1 I iiii ]11 I I i ill!l!! I iii ii iiii

• Additional Interface Circuitry
for Driving:

EGR Valves
Idle Bypass Valves
Wastegate Actuators

_ e

Dnve-by-wireThrottle
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ADAPTIVE SPARKCONTROL
CUSTOM CONTROL SYSTEM

• PossibleSpark AdjustmentInputs:
Cylinder Pressure
Force Sensors
Ionization Probes

• AdaptiveLearnof OptimumSpark Map

• MisfireDetectionand Diagnostics

ADAPTIVE FUEL CONTROL
CUSTOM CONTROL SYSTEM

• Non-DiscontinuousMulti-Dimensional
Adaptive Learn Scheme:

injector Miscalibration/Aging
Volumetric EfficiencyChanges
Drift in Sensors Used for Open Loop
Faster Fuel Metering Adaptation

• Computationally Efficient

• Small Memory Requirements



i i i ii iillll[ ii ill [llll i llll

_C_CC_CC.

_ 0

i !ILL: i III IllIIIll ,,
i i _1.'....

NOIJ.VJ.dVOV$noI'INI.LNOO$1Q

t't,_
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OPEN-LOOP METERING
CUSTOM CONTROL SYSTEM

............................................... I I II ....... II ...... II ___ "

• Mass Air Flow Sensor Measurement

• Speed-DensityBased Calculation

• Advanced Manifold Filling/Emptying
Model for ThrottleTransients

EQUIVALENCE RATIO CONTROL
CUSTOM CONTROL SYSTEM

_ II I I J I _ II i iii iiii i ii i[ i i ii I ii I I i rl

• Abilityto Use FeedbackFrom:
StoichiometricEGO
Wide-Range EGO Sensors
Multiple EGO Sensors

Custom Circuitryfor UEGO Sensor
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PRO-LEAN NATURAL GAS FOR
FUEL CONTROL SYSTEM

_ :-_ ...... _ ..... _- 7 ,u - 11,1 i1111 11111 11 IT I II I I , II1 III1 II , = , ff ,,,, ,,_,J_ IIII I[ I II 11 IIIIII I[[11I1

• Heavy-Duty Diesel and Gasoline Conversions

• Based on Ford EEC-IV Hardware

• Applied to Hercules GTA3.7Land Mack E7

• Teaming Partners:
GRI
DAITechnologies
Southbend Controls

FEATURES
PRO-LEAN CONTROL SYSTEM

,.i _ - i, i i , i i i _ll _ ,i ___

• Mass Air Flow Measurement

• Closed Loop Control w/UEGO Sensor

• Direct-FireSpark Coil Control

• Electronic Wastegate Control

• Engine Speed Governing

• Diagnostic Link
II i I
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TRANSLATOR CONVERSION SYSTEM
...... ,,,,,r, ,,,,,, i : ,,,,,, , , ,, ,, i ,,,, ,, , ................ ....... ........

• Simple Bi-fuel ConversionSystem

• EFI Closed-Loop GasolineVehicles

• Teaming Partners:
GRI
DAI Technologies

FEATURES
TRANSLATOR CONVERSION SYSTEM

• OEM Diagnostics

• OEM Adaptive Learn

• Elimination of Cold Enrichment

• Spark Advance

• Rich Bias for Low Emissions
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STEADY STATE NOx/CO TRADEOFF
ii iii iii ii i ii Ill I I Illl

r

Dilute CO and NOx (ppm)
50

40_(- - _..... -....._ ....................................

3O

2o .....GaSo,neNox...........................................
iii i iiiii i i i i

10 ...... GasoJine c0 ............................. CNG _-_
__ ..... g ..... _.

0
0 20 40 60 80 100 120 140 160 180 200 220 240

EGO Bias (mY)
No EGO Sensor Clamping
i i = ii lll l

0.0 0.2 0,4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

Time (sec) _,
i ii ,• i
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ST/_BILIZED LEAN CLAMPING RESPONSE

EGO Output

-- Modified Feedback • - Sensor Output

_,_ • .
eq

C-"

• •

, | , , •

i jt .............. ......... • ..........................

I

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

Time (sec) .,

STEADY STATE NOx/CO TRADEOFF

Dilute CO and NOx (ppm)

_o I

20 .

Gasoline NOx
15

10

)
51

Gasoline CO

0
0 20 40 60 80 100 120 140

EGO Bias (mV)
WithEGOSensorClamping
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S-BAG FTP EMISSIONS
52L TRANSLATOR-EQUIPPED DODGE

i ii i iii ii i iii Ill I I I III II l I mill

I Emissions (grams/mile) 1nGasollne ["]CNG1 _CNG2
ctlon

i ....................................................

....................................................

............................................

.................................

0
NOx CO NMHC
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

EMERGING TECHNOLOGIES FROM SwRI
J. Cole, Southwest Research Institute

Q. Vinod Duggal, Cummins Engine Co.: As a suggestion,couldyou mix hydrogen
withnaturalgas for the lean-burnoperation?

A. That would be a good idea for laboratorytests, but hydrogenis not generally
available for blendingwith naturalgas. Also, the plan is to returnthe unburned
and unconvertedhydrocarbonsfromthe richcylinderto the engineso that these
materialscontributeto the overallefficiency.

Q. Anonymous: In the adaptive loop controlsystem, what happens if the fuel is
changedfrom gasolineto naturalgas and backto gasoline?

A. If the loopis oncalibration,notmuchchangeoccurs,and the controlloopadjusts
to fit the newfuel.
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

CUMMINS B6G: AN ADVANCED _CHNOLOGY
NATURAL GAS ENGINE

M.M. Kamel

Cummins Engine Co. Inc.



CUMMINS B6G N.G. ENGINE
OUTLINE

* OBJECTIVE

* TECHNICAL PROFILE

* TECHNOLOGYCONCEPTS

- DESIGNFEATURES
- ELECTRONICCONTROLS

u1

* DEVELOPMENTSCHEDULE

* DEVELOPMENTSTATUS

- PERFORMANCE
- EMISSIONS
- MECHANICAL
- FIELDTEST

* SUMMARY



B6G OVERVIEW
OBJECTIVE

* OBJECTIVE

DEVELOP THE B6 ENGINE FOR OPERATION WITH NATURAL GAS
FOR URBAN AUTOMOTIVE APPLICATION

u1

* ENVIRONMENT

= LEGISkATIONS FOR LOWER EMISSIONS
= POLITICAL PRESSURES FOR CLEAN AIR
= ENERGY SECURITY
= ECONOMICS

_MK,6/10/93,TO-5)



B6G TECHNICAL PROFILE

PERFORMANCE:

* 195 HP @2800 RPM
* 420 FT.LB. PEAK TORQUE @1600 RPM
* 285 FT.LB. CLUTCH ENGAGEMENT TORQUE @FULL

THROTTLE
* UPTO 8500 FT ALTITUDE CAPABIUTY

EMISSIONS: ,-,,"O_

* 1998 C_iB UL_ LEVELS

2.5 (NOx + NMHC) & 0.05 PART

NOISE:
* US AND EEC DRIVE-BY LEGISLATED UMITS

ilmlUirms,'m.t)



B6G TECHNICAL PROFILE (Con't.d)

HEAT REJECTION:
* LESS THAN OR EQUAL TO 94B-230 DIESEL

RELIABILITY:
* APPROACHES DIESEL RELIABlUTY AT MATURITY

DURABILITY:
* EQUIVALENT TO DIESEL U1

-.,.I

ELECTRONICS:
* ENGINE MOUNTED

(maK,6/1/S_TO-1)



TECHNOLOGY CONCEPTS
DESIGN FEATURES

* LEAN BURN / SPARK IGNITED
= DIESEL LIKE THERMAL LOADING
= HIGH BMEP CAPABILITY (IMPROVE EFFICIENCY)
= LOW ENGINE OUT NOX EMISSION

* WASTEGATED TURBOCHARGER
= TORQUE CURVE-SHAPING
= ENGINE OUTPUT LIMITING
= DROOP CURVE LIMITING ,,,,
= ALTITUDE COMPENSATION =

* AIR-TO-AIR AFTERCOOLING

= MATCHES '94 DIESEL CONFIGURATION (COMMONALITY)

* OXIDATION CATALYST
= NMHC CONTROL

* ENHANCED DURABILITY
= NEW CYLINDER HEAD WITH INSERTS
= WATERCOOLED BEARING HOUSING TUR_HARGER
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TECHNOLOGY CONCEPTS
ELECTRONIC CO_OLS

* ENGINE MOUNTED ELECTRONICS
= MINIMIZE CUSTOMER INSTALLATION IMPACT
- MAXIMIZE PRODUCT CO_ROL

* ELECTRONIC CONTROL OF
= IGNITION SYSTEM
= GAS SYSTEM ,,.,o_

= MIN/MAX ENGINE SPEEDS °
= BOOST PRESSURE

* ENHANCE DIAGNOSTICS AND TROUB_SHOOTING

(Im_Srlo_a,'ro_



WASTEGATE

CONTROLVALVE ACTUATOR
IDLECONTROL

MIXER

AIR

/dR/FUEL
!
i

FLOW _NE POSITION
CONTROL

VALVE I M PRESS

GASMASS I M TEMP o,
S_

_P our PRESS

EXH_BDA

PR_RE
FI_TOR

' THROTTLEPOS.

8 D
SPARKPLUGS



DEVELOPMENT STATUS
PERFORMANCE

* HAVE DEMONSTRATED THE CAPABILITY TO ACHIEVE THE GOALS
0

= POWER
= TORQUE CURVE SHAPING
= WASTEGATE CONTROL
= MII_,_AX ENGINE SPEED CONTROL
= GAS SYSTEM CONTROL ,,.,"

* HAVE DEMONSTRATED REPEATED PERFORMANCE ON 9 ENGINES

(MUK.Srlo,_a.TO._
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DEVELOPEMENT STATUS
EMISSIONS

NOx HC NMHC PART.

NO CATALYST

MIN 1.81 4.40 0.00 0.054

MAX 2.16 5.59 0.93 0.067 =

WITH CATALYST

MIN 1.73 0.59 0.00 0.009

MAX 2.28 3.03 0.27 0.019

(MMK,6/10/93,TO-7)



DEVELOPMENT STATUS
MECHANICAL DEVELOPMENT

* ENGINE TESTS

-- LAB ENGINE TESTS (OVERSTRESS/ENDURANCE)
= FIELD TEST ENGINES TESTS

* RIG TESTS
O_

= GAS SYSTEM COMPONENTS
-- IGNITION SYSTEM COMPONENTS
-- VIBRATION TESTING

* QUALIFICATION TESTS

= SENSORS
- ACTUATORS
- CONTROLLER

(MMK,6/10/93,TO-11 )



DEVELOPMENTSTATUS
FIELD TEST

* PLANNED FIELD TEST ENGINE IN THE FOLLOWING APPLICATIONS

= SCHOOL BUS
= SHUTTLE BUS
- PICKUP/DELIVERYTRUCK

* HAVE ALREADY SHIPPED FOUR FIELD TEST ENGINES

(MMK,6/10/93,TO-10)



B6G TECHNICAL PROGRESS
SUMMARY

* PROJECT IS ON SCHEDULE
I

* HAVE DEMONSTRATED THE PERFORMANCE AND EMISSIONS
CAPABILITIES OF THE ENGINE

* MECHANICAL DEVELOPMENT PHASE IS UNDERWAY
o_

- ENGINE RELIABILITY IS ON TARGET TO ACHIEVE DESIGN GOAL

* ACCUMULATED 3000 HRS OF ENGINE TEST EXPERIENCE

- BUILT AND TESTED 9 ENGINES

* SHIPPED FOUR FIELD TEST ENGINES

- SHUTTLE BUS
- SCHOOL BUS

(MMK,5/31/93,M2-12)
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

CUMMINS B6G: AN ADVANCED TECHNOLOGY NATURAL GAS ENGINE
M.M. Kamel, Cummlns Englne Co. Inc.

Q. Anonymous:Can Cumminsprovideconversionof existingengines?

A. No, the hardwarecould be purchased,but itwouldbe expensiveand therewould
be nocertification.
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

DEVELOPMENT OF A STOICHIOMETRIC
NATURAL GAS ENGINE FOR USE IN

HEAVY DUTY TRUCKS

(unavailableat time of printing)

L. Gettel, G.C. Perry
BC Research

D.H. Smith
IMPCO Technologies
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

DEVELOPMENT OF A STOICHIOMETRIC NG ENGINE FOR USE IN HEAVY DUTY
TRUCKS
G.C. Perry, end L.E. Gettel, B.C. Research Corporation

Q. Bernard James, Energy, Mines & ResourcesCanada: What range is obtainedby the
truck?

A. The rangeis 200-250 kilometers.

Q. BryanWilson,ColoradoState University:Do you haveemissionsdata?

A. No, emi_,sionshavenotbeen measuredyeton the vehicle.
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

DEVELOPMENT STATUS FOR TWO DEDICATED
METHANOL ENGINE COMBUSTION

TECHNOLOGIES: DI HOT SURFACE IGNITION
AND DI SPARK IGNITED STRATIFIED CHARGE

R. Last
FEV of America

B. Bartunek, N. Schorn, R. Schmidt
FEV Motorentechnik GmbH & Co. KG
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Development Status for Two Dedicated
Methanol Engine Combustion Technologies:

DI Hot Surface Ignition and DI Spark Ignited Stratified Charge

Presented by:
Robert J. Last

FEV Engine Technology, Inc.

At the SAE Fuels and LubricantsMeetingInSan FranciscolastAugust, I presentedthe Phase 1
programresultsfor two enginedevelopmentprograms that FEV has conductedwiththe support
of fundingbythe U.S, EnvironmentalProtectionAgencyand co-sponsorshipbyVolkswagen.

[SLIDES 1 through3]

The directInjected,hot surfaceignitionsystem usesa shieldedglowelementthat is heated at all
times duringthe engineoperatingcycle. A singlespray from a multi-holenozzle is directedat
the shieldedcoverof the glowplug. The fuel from the Ignitionsprayentersthe cover through
perforationsin itssurface and ignites. This resultsina torch.likeIgnitionof the main injection
quantity.

[SLIDES 2 through6]

The DI, sparkignitioncombustionprocessis characterizedby peripheralInjectionin a relatively
deep, compact combustionchamber andthe nearlysimultaneousprovisionof a spark Ignition
sourcenearthe wall of the bowl. The fuel Injectionisaccomplishedwith a two-springInjection
nozzle holder. Mixture formationissupportedbya relativelyhigh swirl (4.0). Through
adaptationof the two Injectorstages,a certain rate-shapingeffect is possible,allowingcontrolof
the Injectiondurationandthe positionof the spraycone relativeto the spark plug, in comparison
withtraditionalOtto engines,the highercompressionratiowith thisconceptrequiresthat a
sufficientlylargenumber of multiplesparksoccurover a periodof approximately0.8 to 1.0 ms.
Consequently,smallerelectrode gapsare necessaryto avoid "blow-off"or quenchingeffects.
Becauseof the deep, slightlyreentrantbowlshape, the sparkplugprotrusionmustbe relatively
deep, requiringa longelectrode length.

The Phase 1 resultsfor the DI hotsurface ignitionconceptreportednear ULEV emissionslevels
as well as coldstartabilityat -29"C withexcellentdriveawaycharacteristicsanddiesel-likefuel
economy. The potentialf'Jrvery lowemissionsfromthe DI Spark Ignited,stratifiedcharge
conceptwas alsodemon._:ated.

In additionto the very encouragingresultsthat came out of Phase 1, the need for a numberof
improvmentswas alsorecognized,if the truepotentialof these conceptswasto be realized.
Most of the recommendationswererelatedto the desire to dynamicallyadjustthe engine for low
emissionsandto controlthe fuelsystem. The motivationfor consideringelectroniccontrolof the
enginesincludedthe followingconsiderations:

[SLIDE 7]
[SLIDE 8]
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With these goals in mind, FEV commenced a Phase 2 effortwithfundingsupportbythe U.S.
EnvironmentalProtectionAgencyendthe assistanceof Volkswagen.

Additionally,Robert Boschprovidedlimitedtechnicalsupportand allowedthe use of some of
their componentryInthe designenddevelopmentof the controller. I wouldbe remiss in not
acknowledgingthe support of these organizations.

Phase 2 was directedat adaptinganddevelopingan electronicallycontrolledInjectionpump,
EGR system and integrationof a separateelectronictgnltlonsystem,In the case of the Di SI
engine. As e resultof these efforts,the first fullyelectronicdedicatedmethanolengineconcept
for directInjectionhas beendeveloped. Today, I wouldlike to providea briefoverviewof the
controlsystem concept and Identifyareas inwhichwe feel additionaldevelopment is necessary
to ultimatelyprovidea competitivemethanolenginedesignconcept.

The pdmsryfunctionsof the controllerinclude:

[SLIDE 9]

1. _JECTION QUANTI_ CONTROL

The pdmary functionof an electronicenginecontrollerfor DI enginesIs, of course, the governing
of the Injectionquantity. In the FEV IEEC controller,the fuel injectionquantityis controlledin
the followingmanner.

[SLIDE 10]

Based uponthe requestedengine operationalpoint(foot pedal Input),the controllerperformsany
modifcatlonsof the requestthat mightbe necessarydueto the operatingstate of the engine
(suchas idle, full load,startupand/or needfor temperaturecompensation)andrequestsa certain
Injectionquantity. This is referredto in the figureas FQ_SOLL. The differencebetweenthe
requestedfuelquantityandthe reportedfuel rack positionisthen determinedand a calculation
takes place, as indicatedinthe figure. Dependinguponwhetherthe requestedinjectionquantity
is lessthan orgreaterthan the reportedquantity,a signal is outputto a rotarytorquemotor
which,In turn,drivesthe fuel rack to eitherhigheror lowerfuel deliverypositions.

The initialdevelopmenttestingwiththe electroniccontrollerhas indicateda need for better
temperature compensationof the fuel rack positionfeedbacksensor. Typically,suchsensors
have non-linearvoltagecharacteristicsandexhibita certainddft as a functionof the temperature
inthe vicinityof the sensor. This temperatureeffect has a moresignificantinfluenceon the
engine operatingcharacteristicsthan originallyanticipated. FEV has,therefore, recommended
that this problembe addressedinfuturedevelopmenteffortswiththe controller.

In additionto temperaturecompensation,FEV has recommendedthe use of a self-calibration
circuit inthe controller. This circuitwo:JIdcomparethe outputof the fuel rack positionsensorat
a knownangularposition(suchas the full load mechanicalstop)witha callbrati0nvalue whichis
stored in a EPROM. When the sensordeviates fromthe correctvalue, this "self calibration"
circuitwouldapplya scalarcorrectionfactor to the sensoroutput,in an attemptto returnitto the
correct calibration.

2. _EGIHNING OF INJECTI_)H

Duringthe courseof developmentfor bothof the passengercar methanolengine conceptswhich
are beingdevelopedby FEV, the need hasbeen demonstratedfor an injectiontimingstrategy
which is both load andspeeddependent.

[SLIDE 11]
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Underlowload conditions,advanced timingIs necessaryto ensuregood ignitionqualityas well
as lowHC and CO emissions. Underhigh,part loadconditionswhere hightemperaturesprevent
IncreasedHC emissions,retardedtimingis employedto reduce NOx emissionsandto ensure
goodfuel economy, However,underhighload, highspeed conditions,it becomesnecessaryto
re-advance timingbecause of the lengthof the injectionevent. Cleady, these considerationscall
for s flexibleUmlngstrategythat can only beachelvedwithelectronictimingcontrol.

The AMBAC Model 100 methanolcompatible,electronicfuel injectionpump is beingusedIn
bothof these programs. The beginningof injectionis controlledin closedloopthroughan
evaluationof the outputslgalsfromtwo vane sensorsmountedinsidethe pump housing One
sensoris locatedon the pump cam shaftandthe otheron the drivenshaft whichrotatesthe
hydraulichead of the Injectionpump. The controllercalculatesa phasedifferencebetweenthe
two sensorswhich is relatedto the BOI andthen providesan appropriateddver signalto a linear
magnetwhich,in turn, positionsa helicalspllne gear to adjustthe timing. In thismanner, the
timingfor the _41JJ;Lt.U.y..qt_fromthe Injectionpumpis controlledin closedloop. However, our
recentevaluationswiththe electroniccontrolsystem Indicatethat thiscontrolstrategymay not
be adequate. While the start of fueldelivery is relatedto BOI, the hydrodynamicsin the injection
line and nozzle influencethe actualBOI to a considerableextent, dependentuponinjection
pressureandthe point in the operatingmap. Therefore, future effortsare plannedto incorporate
a needle liftsensorbasedBOI feedbacksignal.

3. _HAUST GAS RECIRCULATIOH

One of the criticalneedsthat wasdemonstrateddudngthe Phase 1 vehicle evaluationwas the
need for closedloop controlof the EGR system.

[SLIDE 12]

Underlowspeed,part load conditions,very highEGR ratesare possible,resultingin a
substantialreductionin NOx emissions. Undermediumspeed, part load conditions,most of the
NOx reductionis acheivedwithinthe first10% of EGR fraction and more sensitivityis observed
with regard to higher EGR rates,thereforethe EGR rate dropsoff more rapidly. Underhigh
speed conditions,the sensitivityof the combustionprocessto higherEGR ratesincreases
substantiallyand, therefore,EGR mustbe limitedunderthese conditions.

[SLIDE 13]

However, despiteEGR sensitivity(dueto misfiring)in bothengineconcepts,a substantial
reductionin NOx is possiblewithhot EGR. In general, underlowload conditions,the application
of hot EGR leads to a slightparallel improvementin HC emissions,sincethe intake air is
preheatedbythe EGR. At higherEGR rates,the lower0 2 contentresultsin a deterioration in
flame speed and ignitioncharacteristics,and HC concentrationincreases. However, thishigher
concentrationis offset at part load bythe fact thnt the exhaustgas massflow is signficantly
lower.

[SLIDE 14]

By properly"tailoring"the EGR and BOI strategy, it is possibleto reduceNOx withouta
significantpenaltyin HC or BSFC. However,thisabilityrequiresflexible,electronic,closedloop
controlof bothEGR andtiming.

This approachis possiblewith boththe HSI engineas well asthe DI SI stratified chargeengine.
Althoughthe spark ignitedengineis somewhatmore sensitiveto EGR, as indicatedhere inthe
EGR map for the engine.
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[SLIDE 15]

Flexible,dynamic EGR controlcapabilitywas builtintothe electroniccontrolsystemduringthe
developmentof the electroniccontroller.A dutycyclesignalfrom the IEEC unit,definingthe
desired EGR valve lift is providedto a solenoid,whichmodulatesbetweenvacuumpump and
ambientpressureas necessaryto actuatethe EGR valve. An air mass flowsensorprovidesa
feedbacksignal,Indicatingthe actual air mass flowto the controller.The maximumair mass
flowfor this particularoperatingpointoccursunderconditionsof no EGR. This value tsstoredin
an EPROM. The controllerthen comparesthe actual air mass flowvalue withthe maximum
value, storedin EPROM. An actual EGR rate can, thus,be calculatedand adjusted,resultingIn
closedloopcontrolof the EGR.

4. IGNITION TI_ING CONTROL

Althoughthe controllerarchitecturewas designedto Includeit, the currentcontrollerconcept
does not Includethe capabilityfor sparktimingcontrol. Currently,thisremainsa rathercritical
limitationfor the Di SI stratifiedchargeengineInterms of realizationof the true potentialengine
performance.

[SLIDE 16]

The time difference betweenBOI andIgnitiondefinesthe degree of In.cylinderhomogenization
of the air/fuelmixture. Ignitionmustoccurduringthe periodcorrespondingto the injection
duration. Underpart loadconditions,very early Injectiontiming(about21°BTDC) and a (max) 2
.3 ° later sparktimingis necessaryto acheivea good combinationof lowHC emissionsand
acceptableBSFCo However,underhighload conditions,more homogenizationtsnecessaryfor
good air utilizationandgood BSFC. Therefore, the ignitiontimingshouldbevery late in
comparisonwiththe injectiontimingto acheive the bestcharacteristics.Clearly,flexible,
Independentcontrolof both injectionand ignitiontimingare necessary.

Unfortunately,the desiredinjection/Ignitiontimingstrategyis currentlynot possiblewiththe
ignitionsystem that is beingutilizedon the vehicle. The ignitiontimingdevice that is currently
available usesan engine speeddependenttimingcontrolfunction. After a signalfordynamic
BOI has been registered,a programmeddelay time occursbefore spark ignitiontakes place.
The time delay calibrationis a functionof enginespeedandis controlledbetween1° crankangle
at lowspeedand6° crankangleat ratedspeed. This system,while adequate, representsa
compromisefrom the Ideal ignitiontimingflexiblity.

The injectiontimingfor the DI SI engineis shownhere and representsthe typicalcompromise
betweenbesttimingat discretesteady-statepointsanda smoothtransitionfor good electronic
controlsystemfunction.

[SLIDE 17]

The correspondingignitiontiminghere. Clearly,it is notcurrentlypossibleto providethedesired
residencetime under all load and speedconditionsand, consequently,the full potentialof the in-
cylinderhomogenizationconceptcannotbe taken advantageof.

[SLIDE 18]

FEV has recommendedthe incorporationof thisfeature intofuturedirect injected,sparkignited
vehicledevelopmentactivities.

5. _ABILITY!ACCELERATION
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Numerouspointsexist inthe enginemap, fromwhichaccelerationstypicallybeginduringthe
FTP-75 cycle. Thesepointsare of particularconcerndue to the heavilyweightedcontributionof
emissionspeaksthat occurduringaccelerationsto the overallengine emissionscharacterization.
In diesel applications,electroniccontrollerstypicallyprovidea smoke limitationfeaturethat
preventslocalizedoverfuellingduringaccelerationsby limitingthe rate of increaseof the fuel
injectionquantity. This is done as a functionof theavailable air mass flow. In the methanol
engine,wheresmoke is not a problem,thistype of controlfeature can be utilizedfor a different
purpose. The FEV enginecontrollerusesthiscapabilityas an indirectLamlxla controlunder
accelerationconditions.The rate of injectionquantityincreaseis limited,throughthe use of a
special look uptable that interactswiththe EGR andBOI controlsystems. Hence, the EGR and
BOI characteristicscan be fine-tunedto reduceor eliminateaccelerationinducedemissions
peaks.

6. IDLESPEED CONTROL

The FEV controlleralso features a sophisticatedP,I,D governorfor idlespeedand an integrated
glow plugcontrollerfor the HSI engine. The glowplugcontrollerfeature allowsspecialcold start
andwarm-upstrategiesas well as flexible,dyanamiccontrolof the hot surfaceignitionsystem
energy supplyduringengine operation.

The controllerwas designedwiththe intentof upgradeability,includingthe futurepotentialfor
spark timingcontroland variablegeometryturbochargercontrol. However, these features have
not yet been incorporatedintothe design.

7. SUMMARY AND CONCLUSIONS

In additiontothe basicconsiderationof incorporatingindependentspark timingcontrol,the
developmentstepswhichshouldbe consideredin thenear term includethe following:

[ READ SLIDE 19]

Althoughrecenttestinghas indicateda needfor improvementsinthe controlconcept,the FEV
IEEC representsa significantdevelopmentfromthe standpointof dynamic controlof a methanol
engine. When fully developed,FEV believesthat extremelylowemissionsvalueswillbe
possiblewithbothof these methanolengineconcepts.Althoughthe developmentof these
engineson a steady-statebasisis nearlycomplete,a considerableeffort is stillnecessaryto
dynamicallyoptimizethe engine/controllersystemina vehicle. Accordingly,theseefforts
representFEV's recommendationsfor nearterm developmentgoals for thesetechnologies.

i
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Reasons for Electronic
Injection System Control

• Control of injection timing as a function of load and speed
can only be achieved through complicated and inexact
mechanical means (plunger helices and speed advance devices).

(3O
U1

• Temperature compensation is not possible with the mechanical
system.

• Rate of injection quantity increase cannot be directly
controlled in a mechanical system as a means of avoiding
transient HC peaks.

• A mechanical system is, in principal, more subject to hysteresis
and accuracy problems and requires frequent readjustment and
calibration.



Reasons for Electronic
Injection System Control

• In-line injection pumps generate a significant level of
operating noise (one plunger for each cylinder) in
addition to the combustion noise from the engine.

• Due to the number of pumping elements and generally high =_
pressure levels, in-line pumps are generally more expensive o,
than rotary pumps.

• Use of a mechanical system requires separate controllers
for EGR, glow plug power and spark timing control. The use
of an electronic engine controller allows integration of
the pump timing and n._r_,_,.._..-.....j control with these separate
control systems.

• Closed loop control of EGR is not possible with the
mechanical system.



FEV IEEC Controller
Primary Functions

• Injection Quantity Control

• Beginning of Injection
OD

• Exhaust Gas Recirculation

• Cold Start and Warm-Up

• Driveability and Acceleration

• Idle Speed Control

• Glow Plug Power Control
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Future Development Efforts
Electronic Engine Control System

• Further development is necessary with regard to the stability
of the injection pump feedback signals as well as the interaction
between the controller and the pump.

• Temperature compensation for the Midori sensor must be integrated
into the control system concept.

_D

• Closed loop control of the start of fuel delivery is not
sufficient. A needle lift based, closed loop control of the
actual BOI event should be incorporated.

• Nearly all mechanical position sensors are subject to hysteresis,
accuracy and drift problems. A self calibration circuit should
be incorporated into the control system.

• The fuel rack position feedback signal is critical to nearly
every engine control system. The reliability of this position
sensor must be improved.
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' SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

DEVELOPMENT STATUS FOR TWO DEDICATED METHANOL ENGINE
COMBUSTION TECHNOLOGIES: DI HOT SURFACE IGNITION AND DI SPARK
IGNITED STRATIFIED CHARGE
R.J. Last, FEV Engine Technology Inc.

Q. Robert Siewert, General Motors: One of yourslidesshoweda large reductionin
NOx emissions.

A. Yes, that was showingthe influenceof exhaustgas recirculation(EGR).

Q. What wasthe variationin EGR?

A. Under low load conditions,EGR rates were up to 50 percent. As the load was
increased,percentEGR decreasedsharply. The first10 percent EGR normally
givesthe largestamountof NOx reduction.
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

FUEL CELL POWERED ZEV BUS

P. Howard
Ballard Power Systems



Ballard

Outline
• Introduction

- Technology
- Company
- Marketing Approach
- Transit Bus Market

• Demonstration Program - 32" ZEV PEM Fuel Cell/Electric Bus- Purpose
- Organization
- Scope
- Performance

- Technical Approach
- Achievements/Results

" Commercialization Plan - 40" ZEV PEM Fuel Cell/Electric Transit Bus- Overall Plan

- Commercial Prototype
- Motive Stack Development

• Alliances
• Benefits

• Acknowledgements



Ballard

Fuel Cell Technology

fi Advantages..... _ _ • Electricity WithoutCombustion
• Continuous Production of Electricity

as Long as Fuel Supplied
• Environmentally Clean

Fuel Cell System • HighEfficiency
• LowNoise

+ - • Modular and Compact oL_

M M

+ -
A r

tH
Energy Conversion Device

Battery
Diesel/Generator Set



Bailard

Proton Exchange Membrane Fuel Cell

Porous Porous
Cathode 2e" 2e"

Water
(H20) ¢=

Air Fuel

/
Catalyst _ PEM Electrolytetf

Heat
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Company

• Business - Develop/Manufacture/Market PEM Fuel Cell Systems

Began PEM Fuel Cell Development in 1984
• Incorporated 1979 _ Membrane Research (BAM)

Battery Manufacturing (BBS)
° Employees - 150

• 60,000 ft2 in North Vancouver, British Columbia
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Marketing Approa ch

• Market "Push/Pull"

• OEM "Push"- OEMs Adapt Ballard Fuel Cell Systems

• End User"Pull"- Demonstration Programs ._o

- Secure Programs in Motive/Utilities/Military Sectors
- End Users Motivate OEMs

- Government Funding Assistance

• Bus Program- End User is BC Transit
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Market Creation
Air Quality Implementation ScheduleRegulations

(Em!ssions, gm/mile)

HC nOxr CO 199,_ 200( 200] 200_ 20031995J199EI199_ 199_ 199 c
Tier 1 Standard 0.250 0.4 3.4 80% 7396 48% 23%

TLEV Transitional Low Emission 0.250 0.4 3.4 10%
Vehicle

LEV Low EmissionVehicle 0.075i 0.2 3.4 25% 48% 73% 96% 90% 85% 75% 1

ULEV Ultra Low Emission Vehicle 0.0401 0.2 1.7 2% 2% 2% 5% 10% _ 1

Zero Emission Vehicle O.O00l 0.0 _ _ 2% 2% 596 _ lO_J

• California Legislation _ 2% ZEV Cars in 1998

Bus / Locomotive /Truck in Draft

• ICE cannot meet ZEV Electric Vehicle Market Created

• Credit Market CARB Mobile Source Emission Credit
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Transit Bus Choices

• Electrified Line - Trolley / Third Rail

• Battery
(.,J
0
_D

• Fuel Cell
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Demonstration Program - Purpose

• Show PEM Fuel Cell Transportation Capability

° Advance Market Acceptance _ OEMs
End Users

° Accelerate Commercialization _ Market Entry Bus in 1996

Commercial Bus in 1998
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Demonstration Program - Scope

• Transit Bus - Powered by Ballard PEM Fuel Cells

• Zero Emission Vehicle (ZEV) - Hydrogen

• Performance > Diesel "Driver Acceptability"

• October 1990 to March 1993 - 30 Months

• $4.84 Million Assistance

° Demonstrate with a Transit Authority



Ballard

Demonstration Program - Performance

• White Book Requirements (UMTA)

Top Speed 60 mph (95 km/h)

Gradability Maintain 44 mph (70 km/h) on 2.5% grade
C,J

Maintain 7 mph (11 km/h) on 16% grade

Acceleration 0 to 30 mph (50 km/h) in 19 seconds

Range 350 miles (560 km)

• Meets or Exceeds White Book Performance

• Range to be met in Commercial Prototype
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Demonstration Program - Technical Approach

• Ballard MK5 Stack- 20 Vdc/5kW

• Hydrogen Fuel Storage @ 3000 psi

• 32" Light-duty Transit Bus _-

• Commercial Components for Ancillaries

• Automotive Compressor/Turbocharger for Air Pressurization

° Conventional, Reliable DC Motor and Control

Range- 100 miles (160 km)
• Weight Tradeoff

Passengers- 20



PEM Fuel Cell Powered Transit BusZero Emission Vehicle (ZEV)
Balhrd

Bus Hlustraflon



Fuel Cell Array



-. _ I .... Air Compression System



Water Coollng System





Motor Controller
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_" '_-J Fuel Storage Cylinders
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Fuel StorageRange

• Hydrogen is Required to Meet ZEV Requirement

• Method must be Demonstratable Today _ Liquid at-253°C

Gas at 5000 psi
• Bus Range of 350 miles - 180 Ib/300 gallons Hydrogen

j_

Fuel Tank Weight (ib) Fuel Tank Volume (if3) Fuel Tank Cost ($)

12,ooo-
$12o,ooo

1o,ooo -
$1oo,ooo

• ,ooo_ ,_oooo _
$60,000

_! o$20,000 __

$0 ---I

._ou,__=.so,,°i l.o_u,oo_.so,,oj i.,,ou,°o_..so,o,_J
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RefuellingCost

• Point Source Production _ Natural Gas Reforming

Water Electrolysis

° Well Developed Commercial Technology- Suited for a Bus Depot

• Hydrogen Fuel Cost- $0.75/Ib ($0.45/gallon)

• Fuel Cost/Mile- Comparable to ICE with Diesel
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Display Information



DriverControls



CompleteBus/WheelchairLift
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Demonstration Program. Achievements

• Startup Instantaneous - 4 seconds

_._ Accelerator Command

• Dynamic Response _ Rapid Response < 0.1 second
Simulated Routes

Highest Power- 120 kW

• Full Power (Air) _ Highest Voltage - 280 Vdc
Largest System - 24 stacks

• Efficiency 47%

• Bus Works



1990
Phase I - Proof of Concept

1991 20 Passengers
160 km

1992 1O0 miles

-----'- Phase 2 - Prototype
1993

280 km
1994 : _;

175 miles

L_

1995 Phase 3 Demonstration Fleet" (.u

1996 400 km
m _J'r n

250 miles

1997
_.__._______.____ _

-T------ Commercial

1998 f -'_ _ -'_ ! --'- -'_ -'_ -'_ -'- " -75 PassengersI _ 7__'01_1 t 560km
e 'l"
i _ U

350 miles

Commercialization Plan
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Phase 2- Commercial Prototype - Scope

Design/Fabricate/Test
• 40' ZEV PEM Fuel Cell/Electric Transit Bus _ Demonstrate

LAJ

• 32' ZEV PEM Fuel Cell/Electric Bus _ Evaluation/Reliability Testing "Showcase in Various Cities

• April 1993 to September 1995 - 30 Months

• $6 Million Funding Assistance



Ballard

Phase 2- Commercial Prototype -
Technical Approach

Air Compression
• Ruggedize / Repackage PEM Fuel Cell Power Plant Cooling System

_ Control System

• Add Battery Hybrid / Regeneration - 240 HP (180 kW)

Improved Electric Propulsion
• 40' Transit Duty Bus _ Fuel Storage Integration

Air Conditioning



U.S. Gov't l Transit Authorities ! Clean Air Act
Cdn Gov't Funding Agencies ISTEA

, Industry/University ADA

SCRTD

BC Transit Ballard Power
Transit Authorities Systems (Ballard)

____._./_
APTA

Urban Consortium

L

'(-O_.w_k,,_.
, ' i

_u
O_

Science Applications

PEM Fuel CelllBattery International Corporation

Test Platform _ (SAIC)
. 40' Transit Bus

TMC

Alliance Structure
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Benefits

• EconomicallyEfficient

• EnvironmentallySound

• Competesin GlobalEconomy .,

• Air QualityGoals- No Pollutants

• EnergySecurity Goals

• Economic Growth - Emerging $1 billion Market
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

BALLARD FUEL CELL POWEREO ZERO EMIBalON BUS
Paul Howard, Ballard Power Systems, Inc.

Q. Rodica Baranescu, Navtstar International: Is there a concern abut hydrogen
diffusionand embdttlement?

A. Yes, we are aware of the hydrogen purge and are workingwith others on the
problem.

Q. Anthony Bobelis, Brooklyn Union Gas Co.: I understand that fuel cells are
sensitiveto CO inthe air. Howdo you purifythe air?

A. That is one of ourconcerns. We planto convert the carbon monoxideto carbon
dioxide,and we have technologyto removethe carbondioxide. There is a lotto
learn aboutthe effectof contaminants.

Q. MostafaKamel, CumminsEngineCo.: What otherfuelscould be usedin the fuel
ceil?

A. We have consideredmethanoland naturalgas whichare beingused in two other
programsbeingdeveloped.

Q. What is the top gas temperature?

A. The fuel cell operateson 160 to 180° F.

I III
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

DESIGN O_IONS FOR HYBRID-ELECTRIC
VEHICLES USING ULTRACAPACITORS

A. Burke
INEL Battery Laboratory, EG&G Idaho Inc.



DESIGN OPTIONS FOR
HYBRID-ELECTRIC VEHICLES
USING ULTRACAPACITORS

Andrew F. Burke

INEL Battery Laboratory
EG&G Idaho, Inc.

.tb

Idaho Falls, Idaho 83415
Idaho

N_n_Jq
F-n_m_ng

Laboratory 1993 Windsor Workshop on AJtemafive Fuels
Toronto, Canada
June 14-16, 2993

Work supported by the U.S.Departmentof Energy
_stant Secretary for _ Efficiency and RenewLhle Energy (CE)
Under DOE Idaho Operations _ce Contract DE-AC07-761D01570

IIII



Schematic of an Electric Vehicle
Propulsion System, Including Battery

Load Leveling
i ii i ii i IIHI

I .... I
i IIIIIIIIMII

Pulse power device Interface
capacitor or elecbxmics

bipolar battery
i

ii

'iistorage
battery

I 'i

A91 2942



Load-Leveled Battery Discharge
on the FUDS Cycle

-. / • • (Wh)c_ = 500 . . .
uatzery .._/ ..... . . " _

c=c., ill!..!.!.,i!,i,J,i,i,!
Power (kW) 0" " " "

Capac.1.o_ .__ ._.__. _isoc o.5-1-: _---'_-_ ..... . ....
• , I I l : : ....I ! I ! l : : I-

14167

II
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[Engine j ............_ [iGenerator i ...... I Motor-l - _

_ ,_ L.......2 . ....

I U!tracapac!t°rs 1

Figure 8. Engine-electricdrlvelineschematicusing ultracapacitors.

IIIIII II I IllIf ii , .......
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/

1oNI:iX-lj(*erost.wn)OilI'UDS,CV¢

o e o o o o e e e i o

Ultracap J ..............
Power ! ' I ............

: i 12"!

inp, 1"j ......... . ' ' '

.. ,_¢_t.:_4 ._i_:ie.',IJ.-...

lOO ..............

i
CVCL[I FordET)i-ll(Aerostarvan)OilIIIIIAV,CVC :
?65sec Bttle_:360.ttltr,aLcap

69 ..... , ......

301 ..........

!
Ultracap .......... :

Power

AIIiI" . ,
IlL ! _.t I

40Ot , , .
o o i, t m ,

AI_ps 300'

_ •, ' ,i, _ ,, :

e o l

lOO ' ' '• o * e _ * ) * o o

J

Figure g. Ultracapacltorcharge/dlschargeon the FUDS and FHWC cycles wth
an APU.

II II II I IIII III IIII IIIII I H__m_ _ , ,,,,,,,,,,,,
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Talble6. Series hybrid elec:rtc tinge, fuel economy,and tccelerat|on characteristics.
I II lull I I IIII 11 11 I II1_ II II _ i .... , , , , , , i

Vehicle .............. Lrlectr,!c ........... Series Hybrid
Acceleration

Type FUOS FINC IrUO$ lrH"fC T_mS (.st©), , ii i H i , i , , i j,,, i, i , ,, ..........

Range(11 Range [rth;_ [rtt©. 0.48 04o
Wh/ka (km) Wh/kB (kI) Bog(z) (?,""),,, Bog (W _lh ,_/h........

,_n_v,n ... las 93 ..)ca 86 ze_] o.8s ! zs,4 oi" ...........4.7 .... Jz's

1 ".4ere.. ....... 13e.I 96 l_Z ....9,3 i 3S.8, 0." 37,S o.,,. 14,...7,........!Z.S
co.,c, c,,. ll,.. !., . _o3 1o7'*'J .,..!s o., ,., o.8,j _.3 !!.o

........ (1)_ Useable ranam to _.- I1_ .................

........... (2)_ Gasoline fuel andmtn bsfc -300 _m/kWh.....

__ (3)_ Averageefftctenc]_ ,_romeng|ne OUtoUt to Inverter aBOUt................ , , ..... ,,

Teble 7. Engine-electric vehicle characteristics using ultraclpac|tors.

.... I II IIII BIIIIII I I I I I II IBII .... , ,,,,,, ,, J u i iii ii I LIJI[Ill

, Vehtclo Motor/Generator Ultrecaoacttors

CoA _aX
Weight fr Notor Generator Weight Posit

Type (kg) (mz} (Z) ,,,(kw} (kW} (kg) m, (_Ikg) {kW)

Htntvan lSOl I 1.!6 t 0_85 56 ZS __ 8S SO0 S.9 ..... 60
Htcrovan lZ00..... i 0.759 J 0.85 37.5 Z0 68 400 5.9 46....... ,,,,,,,. L , .,,, , . | ......

co,oac_car !!So I o._gs ....o._s 37.3 ..... zo ....., ',00. s.9 4Z

Tlble 8. Fuel economyof the engine-electric veh|cles using ultrtcapaCttors.

I I I IIIII - _ II I I I i i i

Vehtcle T_'pe J .... FuelEconomy,(_g) ...........
lrUOS

_ , , [n_tn,e-Electrtc Conventional ICE (|) Engine-Electric Conventional ICE

, Nineveh 33.l ,,, 18 ,, , 3o.s , Zz
Ht CrOvan J 45.3 .............. : - . , , 44.3 ............... - . . ,.......

__. Couect Car .....S];S,....... 27 .... S6,] .... 36 ,,

_ , ,, (1) lgg;_[PA fuel econom,vrlttnsi For c..a.r,stn this class ..............
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920447

HybridElectric Vehicle Design Options and
Evaluations

A.F. Burke
EG&G Idaho, Inc.

ABSTRACT catalyst is warm without affecting vehicle
driveability.

Various aspects of the design and Simulationresults for series hybrid
evaluationof hybrid/electricvehicles are vehicles on the FUDS and the Federal
considered with emphasis on the Highway cycles indicate that their fuel
consequencesof utilizingadvancedelectric economy (milesper gallon) operatingin the
driveline components such as AC hybrid mode will be 25-50% greater than
motors/electronics and ultracapacitors, conventional ICE vehicles of comparable
Specialattentionis given to serieshybrid interior size. Hybrid/electric vehicles
drivelines, becausethey benefitmuch more using ultracapacitors to load level the
directly than parallel hybrid drivelines engine in the driveline showed even a
from the recent large improvementsin the greater potential improvement in fuel
specific weight and volume of electric economy. Load leveled operation of the
drive motors/electronics. The results of engine may make it less difficult to use
the present study indicate that series high specific power engines, such as two-
hybrid vehicles with an electric range of stroke and gas-turbine engines, in light
90-100 km and good accelerationperformance duty vehicles having stringent emission
(0-88 km/h accelerationtimes of less than control requirements.
12 seconds) can be designed with a
powertrainweight and volume comparable to INTRODUCTION
that of a parallel hybrid of the same
performance. The drivelineefficienciesof Hybrid/electric vehicles, which
the series and parallel designs for both utilize both an electric driveline and ar
city and highway driving differ by less engine to providethe power and energy fOF
than 15 percentageponts. The control of propulsion,have been studied for the last
the series hybrid driveline is expected to 20 years. Hybrid propulsion systems arE
be significantlysimpler than that of the used primarily to overcome the range
parallel hybrid system and in addition, limitation of pure electric vehicle..
meeting the California ULEV emission powered by batteries alone. A number o
standardsshould be less difficult for the hybrid vehicleshave been built and teste,
series hybrid design, because the start of to demonstratethe viability of various
its engine can be delayed until the hybrid powertrain approaches. Much of th

engineering activity on hybrid vehicle
occurred between 1978 and 1984 as part o

Work supported by the U.S. Department of the response of the United States to th
EnergyAssistantSecretaryfor Conservation oil crises of 1973 and 1979.
and RenewableEnergy (CE), under DOE Idaho In recent years, interest in hybri
Field Office, Contract DE-ACO7-761D01570. vehicles has been relatively low and mo_.

of the work on vehicles using electr_

53
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Peak Power Density Requirements for
the Primary Energy Storage Unit in a

Compact Car Without a Pulse Power Unit
4.0

Acceleration, 0-96 km/h
Time- seconds Accel.

time, Range
Range on the FUDS -

• 10 sec, 32 kmDistance- km /

/

/// // 15 sec, 32 km_1.0 lOsec, 60 km
"_ 0.8 / /
¢: / /

0.6 //

//_/ / lSsec, 60km°0.4 /

0.2

0.1 J J L.__L__j
10 20 40 60 80 100

Energy density (Wh/kg) primary
A930537
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Peak Power Requirements for the
Primary Energy Storage Unit on a

Minivan Without a Pulse Power Unit

3.0 = = i i I Accel. time, Range

/, 10 sec, 32 km

2.0 - // -
t / . 10 sec, 60 km

"_ _ 15 sec, 32 km
//

1.0 ///// /_///._0.8 /15 sec, 60 krff

_ o.6

_ 0.4

0.2 - J Acceleration, 0-96km/h
Time- seconds

Range on the FUDS
Distance - km

0.1 I 1 i I i
10 20 40 60 80 100

Energy density (Wh/kg) primary
A93 0538
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Peak Power Density Requirement
for a Pulse Power Unit in a

Compact Car
,, r,

4.0 I I i I..... i Aclcel.__time

3.0 - 10sec -

12 sec
2.0

15 sec

_1.0 -

"_0.8 -

"_ 0.6 -

_ 0.4 -

Acceleration time, sec
0.2- 0-96 km/h

Pulse Unit Energy Storage
500 Wh

0.1 .... I I .... i i i i
1 2 3 5 8 10 20

Energy density (Wh/kg) primary
A93 0539
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Peak Power Density Requirement
for a Pulse Power Unit in a Minivan

3.0 I I.... I I .._ccel.=time
10 sec

2.0-
10 sec

O')
10 sec

_ 1.0 --
_ 0.8 - -

c 0.6 -
"O

L_

0.4 -
o

¢=

a.
0.2 - Acceleration time, sec

0-96 km/h

Pulse unit energy storage
750 Wh

0.1 ' i , i , j
1 2 5 8 10 15 20

Energy density (Wh/kg) pulse
A93 0540
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Weight and Volume of the
Pulse Power Unit for D_fferent
Energy Storage.Capacity (Wh)

for a MIn=van
100

90

80 WeightE
(9
"" 70OlBm

_t
E 60
O
> 50
,..¢

=< 40 •

J=
._m 30

20 Pulse Power Unit

10 Wh/kg = 10
Wh/_.= 20

0 l __.j__

25E0n 500 750 1000 Whergy stored - Pulse power unmt

Ag3 0543

i ,, ...................
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Energy Storage System Weight
and Volume for a Compact Car

300

200

Weight

"- 100 "- Range

E 60 km

"0 60 _32km
_> 60 km

¢3_ ___'_ ._
-_ 40
.., Volume 20 km
J_
O_

lalm

20
Pulse Unit Characteristic_

Energy storage. 500 Wh

Energy density. 10 Wh/kg

! ! I . 1 I
10 20 40 60 80 100

Energy density (Wh/kg) primary
A93 0536
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Energy Storage System
Weight and Volume for a Minivan

400 ..... _ _.... i iii iiir,iI i I I i] I I Ill , :_ _, ,I I I f' I

300- __ .XV//_ Welght -

32 km

100 - ,60kin -
>' Volume 32 km
,,..¢
o_ 50-
..%¢

J::

'_ 30 -

Pulse Unit Characteristics

Energy storage. 750 Wh

Energy density- 10 Wh/kg

10 .... I l _ _ j
10 20 40 60 80100

Energy density (Wh/kg) primary
A93 0535
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Average Discharge Power Density
for Different Driving Modes for a

Compact Car

---...-- Battery sized for Drol_llng
32 km range Grade

- - Battery slzed for / 105 km/h

,-, 300 60 km range ////

__==0o_ ,,jjj,.o,.°.
/ / . 105 km/h

I ,';"..,.//,,.oos
; //.,,-
_.; 60_- // , -FUDS

20 _" Grade specif.
88k._ ,t60/o-

_ with englne on
10_

10 20 40 60 80100
Energy density (Wh/kg) primary ,.o..,

I I iii i , .............
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Average Discharge Power Density
for Different Driving Modes for a

Minivan
......... ,, r ,, ,, iiii i i ,,,,,mr,,,, ,J

- I I I I I
Driving mode

--.----Battery elzed for /105 kin/h_
400 - 32 km range /

.... Battery sized for /

300 - 60 km range // -

"" // / 105 km/h_
200 - // / /Grade

// /.__ //
:(n / _/11 Grade100 - //-

l So 80- / / -
Q. /

ii /FUDS
60-

4=
(.1
.___
-O 40-
O)

'_ 20-
,_ I Gradespecif.

88 km/h at 6%
, with engine on

10
10 20 40 60 80 100

Energy density (Wh/kg) primary ,.o..



The U.S. Departm nt of Energy (DOE)
Ultracapacitor Program

• Carbon/metal fiber composites - Maxwell/Auburn

• Monolith foamed carbon - Live_ore National
Laboratory

• Foamed carbon with a binder- Sandia National
Laboratory

• Doped polymer layers on carbon paper- Los
Alamos National Laboratory

• Mixed metal oxides (ceramic)on metal foil-
Pinnacle Research Institute

I



The U.S. Department of Energy
Ultracapacitor Program

(cont'd)

Interface Electronics

* General Electric Corporate Research and
Development



Interface Electronics
• Needed to:

- Control power split between main battery and pulse
power device

- Match voltage between power sources as capacitor
voltage varies between Vo, 1/2 Vo

- Use at least 75% of energy stored in the capacitors
O't

• As a function of:
- State-of-charge of power sources
- Average power demand of vehicle

• Pulse power device is recharged during periods of low
vehicle power demand

• Energy storage in pulse power device is small
compared to that of main battery (50 kWh battery,
500 Wh capacitor)

A91 2944



Applications
Near- Term

(Used With Near-Term Batteries)
• Initial thinking

A. Load-level the battery on the FUDS
B. Power share during vehicle acceleration (0-50 mph in 20 sec)
C. Discharge battery at P AV
D. Capacity 300-500 Wh cr_

L_

• Battery requirements without the ultracapacitors
W/kg

Battery weight Average gradeability Peak

500-600 kg 10 30-50 80

• Ultracapacitor unit
500 Wh, 50 kW, 100 kg, 45 liter,
5 Wh/kg, 11 Wh/J, 500 W/kg
> 90% round trip charge/discharge efficiency

• Capacitor energy for vehicle acceleration
20 sec, 280 Wh A920203



Applications
Advanced

(Used With Advanced Batteries and High Performance EVs)
• Advanced thinking

A. Load-leveling battery during FUDS

B. Power share during vehicle acceleration (0-60 mph in 10 sec)C. Capacity 750 Wh

L_

• Battery requirements without the ultracapacitors ¢=,

W/kg
Battery weight Average gradeability Peak

200-300 kg 20 110-160 375-550

• Ultracapacitor unit

750 Wh, 80 kW, 50 kg, 20 liter,
15 Wh/kg, 40 Wh/_, 1600 W/kg
> 90% round trip charge/discharge efficiency

• Capacitor energy for vehici3 acceleration

Acceleration: 10 sec, 230 Wh A92 0204



Capacitor Specifications for Electric Vehicle Applications

Energy storage *(Wh, MJ) 500, 1.8
Power (kW) 50
Voltage (V) 200-300

Weight (kg) < 100
Volume (J) < 45
Specific energy "(Wh/kg) > 5
Vol. specific energy "(Wh/l) > 11

Lu
CTt

Capacitance (F/cm 2 lvcell) > 1.5 '_

Resistance (m-ohm cm2/lvcell) < 100

Discharge time (sec) 20-50
Charge time (sec) 60-120
Duty cycle Continuous

Cycle life > 100,000
Cost ($) < 1,000

*1 Wh = 3.6 kJ

kg

1 Wh = 3.6 kJ
,_ ,_ A91 2945



Near-term and advanced goals for the DOE ultracapacitor development programs

Battery w/o Capacitor Near-Term Advanced

Weight (kg) 500-600 200-300

Power Density (W/kg)
Average 10 20

Gradeability 30-50 110-160
Peak (accel) 80 375-550

Ultracapacitor Unit

Energy stored (Wh) 500 750

Maximum Power (kW) 50 80

Weight (kg) < 100 <50

Volume (_) <40 <20 o_

Energy density (Wh/kg) > 5 > 15

Maximum useable power density
(W/kg) > 500 > 1600

Round trip efficiency (%) > 90 >90

Vehicle Acceleration

0-88 km/h (see) <20 <8
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Panasonic 3 V, 1500 F Capacitors

• Technology Single ceil, spiral wound, carbon-
based, organic electrolyte

• Size Diameter 7.7 cm
Length 14.9 cm
Volume 693 cm 3

• Weight 887 gm



Panasonic Capacitors (cont'd)

• Energy stored 2.667 Wh

(charging 100 A, (3.0 Whlkg; 3.85 WhlL)0 to 3 V)

° Energy Discharged 1.89 Wh

(100 A, 3 V to t V) (2.13 Wh/kg; 2.73 Wh/L)

• Resistance 1.2 milliohms

• Maximum power* 2.1 kWlkg
(3 V---> 1.5 V)

* to a matched load
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Discharge Characteristics of the 600 F Capacitors
at Various Power Densities

25001 ....-...._ , " _ I ........._ , ....... _J '......_ " _", _ '"

2000
_soo

I/)
I

=. 1000

E 500

0
0 0.5 1 1.5 2 2.5 3 3.5

Volts

2500_ .... 1 ..... _ ' ' r"............= " ' = .......=............

¢_2000 L.
C
0
o 1500 -

I

1000 -
E
'_ 500 -

0 ...... J f _ I, I
0 0.5 1 1.5 2 2.5 3 3.5

Volts

2500 -' 1 " ! ........1 ........ I ...........[.............I .....

2000 -
"0
= 500
oo 1500 -
(4
I

1000
E
< 500

0 --J_ i [ I I l
0 0.5 1 1.5 2 2.5 3 3.5

Volts R92 1232
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Constant Power Discharge
Characteristics of the Panasonic
3V, 500F and 1500F Capacitors
_.0i ,-_,................,........, ............, , ,....., ......,......

_ o.6_ _-',t
0.5

0.4-

0.3 - E E (W/kg) t_-
E 100 = E (W/kg = 100);

energy stored

0.2-
Discharge 3V to 1V

0.1-

0.0 I ....... I I ,I...... 1..... I I ,1 1...........
0 500 1000

Power density- W/kg
A93 0545



: Life Cycle Test Results
Capacitor - 3 V, 600 F, Panasonic

• Cycle

- 30 A charge in 15 sec (1.5-3 V)

- 30 A discharge in 15 sec (3-1.5 V)
Max power - 300 W/kg

4_

Average power - 225 W/kg

• Cycle life

- 503,000 charge/discharge cycles
- 7 months calendar time

- 20% degradation in capacitance

- V vs. time - Symmetric for all cycles
A92 2572



Summary of the 3V, 500 F Capacitor Ufe-cycle Test Data

., ,, ,,,,i f i., i , i i i]

CHARGE/ CHARGE
CYCLES DISCHARGE(z) TIRE Z RESISTANCE(z)

DATE K CURRENT(A) (SEC) CAPACITY ......m0llH

01-16 10 20 29.1 100 6.25
..... , .........

02-11 48 20 28.5 98 6.25
, , ,,

02-28 71 20 28.35 97 6.7

04-01 124 20 27.1 93 6.7

04-0] 124 30 ]5.6 93 6.7

"04-17 165 30 ]5.4 92 6.7
. ,...... ,, ,, ,

04-22 ]80 30 ]5.2 9] 6.7
W
-,J

04-30 200 30 14.8 88 6.7 _"
.... , ,,

05-18 256 30 .... 14.5 .... 86 6.7

05-26 280 30 14.4 815 6.7

06-08 320 30 14.2 84 6.7 i

06-15 34] 30 ]4.0 83 6.7
. ,.,, . .,

06-29 384 30 ]3.9 83 6.7

07-06 405 30 13.9 83 6.7

07-]3 424 30 13.8 82 6.7

07-27 468 30 13.7 81.7 6.7

08-O7 503 30 13.5 80.5 6.7
, .,,

CHARGE/DISCHARGEBETWEEN3.or AND1.5V(z)
(2) BASEDONTtlE IR DROPAT BEGINNINGOF CHARGE/OISCIIARGESTEPS
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Carbon Metal Fiber
Electrode Structure

i

2-4#m Stainless

'_ steel f=bers (41%)__ 2#m Cellulose fibers
l (41%)

2/Jm Carbon fibers (47%) _r

Intimately Mixed Metal-Carbon Composite
Matrices from Paper Precursors

Sintering > 1000oc
I

l [ _ < "'- Composite paper
2.5/jm

Stainless Steel-Carbon
Composite Electrode

1.0356



Schematic of Ultracapacitor Construction

____)_------ Backplate _Separator

Terminal electrode-_ _q \_-Titanlum substrate

w/tab
rs ___.. ..... \ _.

___.' ..... ,

t E_ ""'_--_- _-:-_--_-_,-,,,I. =_

electrodes_ Repeati _ ce'.F_..." ......... _-' /Mixed

oxide

Terminal electrode Gasket / Electrolyte filled

w/tab 0 = --- Backplate

Exploded View of a Small Ultracapacitor Unit Cell Construction of Ultracapacitor

1-0359



Milestone Chart for the Development of Ultracapacitor
Technology Electric Vehicle Applications

_" Base Period-------I_J_l------Phase 1-----i_J_l------Phase 2Program ___ Months _ ,,

Element ___ 2 4 6 8 10 12 14 16 18 20 22 24 26 28
3O 32 34 38 38 40

OXX Program Planning and Control A A
02X Data Management

020 Progress Reports • • • • ................. • •••

021 Financial Reports • • • • ................. • • • •
L_

1XX Base Period -_
_O

10 Task 1 Preliminary Investigation • &

11 Task 2 Scale-Up to Intermediate A __=
Device (.5 Wh)

2XX Phase 1

20 Task 3 Manufacturing Study

21 Task 4 Packaging Modules A __=
(100 V, 5 Wh)

3XX Phase 2

30 Task 5 Full-Size Pulse Power Unit • •
(500 Wh)
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Maxwell/Auburn 1 V, 75 F Capacitor
(as of April 1993)

• Technology Single cell, 20 cm 2 disk,
composite carbon-metal fibers,
aqueous (KOH) electrolyte °

• Size Diameter 5 cm
Thickness 0.187 cm
Volume 3.77 cm 3

• Weight 6 gm



Maxwell/Auburn 1 V, 75 F Capacitors
(cont'd)

Energy Stored/Discharged 39 W/sec
(1 A, 0 ---> 3 V) (1.8 Whikg, 2.9 Wh/L)

Lu
GO
h-,

Resistance 10 milliohmns

Maximum Power* 4.2 kW/kg
I1 V to .5 V)

* to a matched load



Maxwell/Auburn 3 V, 27 F Capacitor
(as of April 1993)

= Technology Single cell, 20 cm 2 disk, composite
carbon-metal fibers, organic =_
electrolyte

• Size Diameter 5 cm
Thickness 0.15 cm
Volume 3 cm 3

* Weight 4.5 gm



Maxwell/Auburn 3 V, 27 F Capacitors
(cont'd)

Energy Stored/Discharged 121 W/sec
(1 A, 0 ---> 3 V) (7.5 Wh/kg, 11.2 Wh/k)

L_
OO
Lu

Resistance 0.15 ohm

Maximum Power* 3.3 kWikg
(3 V to 1.5 V)

* to a matched load



Advantages
Use in°_VUltracapacitors forDrivelines

• Very high power > 3 kW/kg

• Very high recharge rates < 20 sec

• Long life > 100,000 cycles "

• High efficiency > 95%

• Compatibility with electric drive system
- Combine ultracapacitor unit with inverter

electronics

- Ease of microprocessor control

A92 0206



Conclusions

• Power capacitors are available commercially
from Panasonic for laboratory tests. CO

U1

• Good progress is being made in the U.S. DOE
Program to develop capacitors with energy
density of 5 to 10 Whlkg.

* Ultracapacitors are likely to be key
components in the drivelines of high
performance hybrid-electric vehicles.
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

DESIGN OPTIONS FOR HYBRID-ELECTRIC VEHICLES USING
ULTRACAPACITORS
Andrew F. Burke, EG&G Idaho, Inc.

Q. Anonymous:Why is the ultracapecitortechnologynotused tn Japan?

A. It is used indifferentapplications. Isuzuuses it to extendlifeof batteries.

Q. Mehboob Sumar, ORTECH International: You mentionedan applicationwith
catalyst. Howdid thiswork?

A. We did an experimentwitha 12-voltmoduleto heatexhausttreatmentcatalystto
700-800oC in 6-7 seconds. This use may be an idealapplicationfor this typeof
device, where the capacitorcouldbe chargedoff the vehiclebattery. We willbe
studyingcostsforthesedevicesoverthe next twelvemonths.
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

FLEET USERS' EXPERIENCE WITH
ALTERNATIVE FUELED VEHICLES

PANEL DISCUSSION

Panel Moderator:. Mike Jackson

(Presentationsmade during this Panel Discussion were unavailableat time of printing)
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

PANEL DISCUSSION: FLEET USER'S EXPERIENCE WITH ALTERNATIVE FUELED
VEHICLES

Moderator: Mike Jackson, Acurex Environmental

Panel Members: (In orderof presentations
DavidOgilvie,NationalAssociationof FleetAdministrators
MichaelSnodgrass,U.S. General ServicesAdministration
Chris Burgeson,Cityof Glendale, California
Todd Krenelka,Batelle/FederalExpressFleet
Don Brunson,XeroxCorporation
Tom Finn,AvisRent-A-Car

Each panelmembermade a shortpresentation.Then questionsweredirectedat
the panel. Some ret_liescame from more than one panel member who are
identifiedbelowby name.

Q. Matthew Bol,Sypher:MuellerInternational:Wouldyoucommenton resalevalue
of the vehicles?

A. Tom Finn: Our contract required that the cars be returned to the vehicle
manufacturerwho then resold them in California. We have no informationon
dollarvalues.

A. Michael Snodgrass: We hope that there will be a market for alternative fuel
vehicles in aboutthree years. Also, that there willbe fuel availabilityand other
partsof the programinplace to providesupportto the vehicleowners.

Q. Norval Homer, Amoco Canada: The slides for Federal Express showed fuel
economy data in gasoline equivalent. Was that volume equivalent or energy
equivalent?

A. Todd Krenelka: It was energy equivalentbased on lower heating value of the
fuelscomparedwithbase gasolinefromthe Auto/OilIndustryProgram.
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

PANEL DISCU_ION: FLEET USER'S EXPERIENCE WITH ALTERNATIVE FUELED
VEHICLES

Q. Paul Wuebben, SCAQMD: Could you explainthe permittingproblemsfor M85
methanolstorage?

A. Todd Krenelka: Federal Express policyis not to install undergroundtanks on
their property. However, the City of Santa Ana ordinance required extra use
permitsfor the abovegroundtanks thatwere used.

Q. Paul Wuebben, SCAQMD: In the discussionof CNG refueling,a back-upfueling
systemwas mentioned. What wasthe experiencewiththat?

A. Todd Krenelka: We have not had a compressorfailureyet and did not need to
use the secondsystem.

Comment: JohnChristie,General Motors; Resalevalue is an importantissue.
Ourexperiencesofar inturningoverourown staffvehiclesat dealerauctionsis
that they offerslightlylesson flexiblefuelvehiclesthanconventionalvehicles. I
thinkthat is a temporarysituation.

IIIIIII IIIIII illlll ,,
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SESSION 3: OVERCOMING BARRIERS TO
ALTERNATIVE FUELS
COMMERCIALIZATION

Chair:. Ron Neville, ORTECH
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PROPANE MOTOR FUEL MARKETING
- CHANGING THE PERCEPTION

S. Vedlitz
Conoco Inc.
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Propane Motor Fuel Marketing
gingChan the Perception



With this experience, clean air a primary social goal, and propanes

advantages over other fuels, it is surprising that it's benefits arc often

overlooked and in the case of the OEMS all but forgotten.

_D

Why is this?

Propane is primairly supported by private initiative falling short of the

backing of other fuels -- this makes it difficult to promote propanes

advantages and dispel the misconceptions that have become barriers to

propanes acceptance.
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Propane
A Viable Alternative Motor Fuel

• First Used in the 1920s

• 3.8 Million Vehicles Operating Worldwide

• 500,000 Vehicles Operating in U.S.
{.,J
_0
4_

• 140,000 Vehicles Operating in Canada

• Annual Vehicle Growth 25,000 U.S.; 15-25,000 Canada

• Ranks Third in Motor Fuel Sales

• 10,000 Public Fueling Locations

• Highest Volumetric Efficiency After Gasoline



Whatarethese misconceptions and what needs to be done?

One perception is that the use of propane as a motor fuel will result in
engine power loss -- reduced performance capability. _'
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Changing the Perception

• Performance Capability
(,,J
kO

• Safety Characteristics

• Fuel Cost & Supply

• Fueling Locations & Availability



The facts are:

Propane has 104 octane

excellent cold weather starting (vaporizes at temp. as low as -44F)
_D

greatest range of any alternative fuel and "_

clean burning



C/IANAItMO;Ot/U//(io,oc_'
MtlW

I



The facts are:

as a result of modem conversion technology,

electronicly monitored, fuel injected engines

and the quality standardization of HD5 propane for motor fuel - tad

Performance is no longer an issue



r



Power loss is no I_nger a problem

most vehicles experience less than a 4'__,power loss if that much

Propane has been tested under the most grueling conditions known in

motor sports racing - Setting a world speed record for alternative fuels
in 1991 at the Bonneville Salt Flats at 218.18MPH o





and racing at Pipes Peak in 1991 and 1992. Coming in 2nd in 1992.

Roger Mears. the driver, stated that he experienced no power loss at any

point on the hill especially the upper third where other fuels always lose

power. This year we will again be at Pipes Peak this time in a Dodge
Dakota.

Pertbrmance is not the issue, education is _',:,
t.o

Establishing a network of certified conversion centers and promoting

their existance is also the issue, not performance.





Safety is a concern with any fuel. but because propane is heavier than

air it receives unwarranted notoriety
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Changing the Perception

• Peti:o__artce Capat:)itit!;
0
O_

• Salety Characteristics

• Fuel Cost & Supply

• Fuetin_i.iLocations & Av_:--._llability



Propane has been in use as a motor fuel since the 1920's with an

outstanding safety record

It is heavier than air, but it does not puddle and vaporizes quickly
It has a norrow flammability range (2.15% - 9.6%) air/fuel mixture

(D

It has high ignition temperature 920F- 1120F:(gasoline 450-90OF) "_





Considered safe by independent school districts throughout the country
Fuel tanks are 20 times more puncture resistent than gasoline tanks

With many safety features designed into the carburation system (like

safety relief valves)
d_
0





It is the currentrefueling procedure that reinforces the negative safety

perception.

The spit valve needs to be eliminated (modem tanks have built in 80%
fill levels)

and modem nozzles that eliminate the white fog and the need to wear

gloves at the disconnect need to become common place. ,_



t

THE "GASGUARD" L.G. 1Etl_ ! LIQUEFIED PETROLEUM
. . GAS (PROPANE) NOZZI_E

I _ • !i,, ,_,.,,. J l,J,_

,/

THE "USER FRIENDLY"
DISPENSING NOZZI_E -_--



Test after test and years of use have proven propane a safe motor fuel to
handle and to use.

It is interesting to note that propane is pronounced unsafe by its critics,

not by _ose who use the fuel on a daily bases.

t.o



, CHOOLBUS
$
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There have been stories and anti-propane publicity surrounding supply

availability and unstable seasonal pricing, all designed to discredit

propanes use and even its official consideration as an alternative motor
fuel.

_rt
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Changing the Perception

• Performance Capability
4_

• Safety Characteristics

• Fuel Cost & Supply

• Fueling Locations & Availability



Recent supply analysis shows sufficient quantities of propane to extend

its use as an alternative fuel - 6.5mm vehicles could be fueled withpropane by the year 2004 without effecting domestic supply.

According to the recent Webb Study 17mm vehicles could be fueled by

propane by the year 2010 with moderate capital investment.

There is also an adequate distribution system already in place which is ,_

under utilized today - it includes pipelines, storage & distribution
terminals, railcars and tankers.
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As for pricing instability and high winter prices, the perception is for the

most part correct and the propane retailers need to change their pricing

philosophy.

The wholesale price of propane only exceeded gasoline once in the past

six (6) years- there is a sufficient delta between the two fuels to

accomodate a pricing philosophy directly related to the retail price of
gasoline.
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Our pricing position is to price propane as a motor fuel below the retail

price of gasoline, year round - we even post our price of propane at the

, street as we do gasoline for everyone to see.

Others need to and are following this example.

to



o.



Last but not least - we have to upgrade our refueling facilities and thus

improve the image of propane motor fuel marketing.

d_
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Changing the Perception

• Perlo__nance Capabilily

• Safely Characteristics

• Fuel Cost & Supply

• Fueling Locations & Availability

I



WhilethereareI0,000 facilitiesopento thepublic,t._coverallimageis
poor.Setup for bottlefill orRV'S



__ JlF_.I_I._I m



Or in the back of some parking lot hard to find much less utilize.

d_
¢0





We must upgrade these units, taking advantage of the thousands of

fueling permits that have already been issued to dispense propane motor

fuel. Securing a permit is a major hurdle for offering any alternative

fuel to the motoring public. We also need to expand the current All.

Fuel refueling directories to include most if not all of the i0,000 units

open to the public. Inother words take advantage of propanes built

refueling infrastructure.



.°
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We must bring propane marketing to main street USA (like this s/s) as it

has been done in Canada and other countries. We must It)ok operate

and be as accessible aald convenient as gasoline is today.

(.,.)





I
i

We must utilize modem, user friendly, self serve dispensing equipment

- in other words, be inviting to the public like this unit in Denver, Co.

t_
t_





It is important for the industry
to work together

to work with government
to work with the OEMs

to educate and to create awareness

By working together, we can get more fleets to try propane, thus

changing the perception of propane as a motor fuel - remember, those

fleets that have tried propane as a motor fuel have a positive impression.
tort
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What's Needed

• OEM Support

• Fleet Demonstrations

• Education

• Advertising/Publicity



lhose fleets, like myself mtd many others believe propane deserves to be

recognized as the viable clean-burning alternative motor fuel that it
trucly is.

Thank you
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Propane Motor Fuel
CO

A Viable Clean-Burning
Alternative Motor Fuel



439

SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

PROPANE MOTOR FUEL MARKETING - CHANGING THE PERCEPTION
8. Vedlltz, Conoco Inc.

Q. Bernard James, Energy, Mines & ResourcesCanada: In the vehiclefuel tanks,
willthe stop-fillvalve eliminatethe needfor the spitvalve?

A. The stop-fill valve is required in all new tanks, so the spit valve is no longer
needed. Its includedbecauseit is stillrequiredby regulations.

Q. Norman Brinkman,General Motors: What will happenwiththe price of propane
relative to gasoline with an increase in demand for propane? Will it increase
suchas happeneda few yearsago withdieselfuel?

A. The same problem occurs with any alternative fuel today. We will have to
change the pricingphilosophy. Propane may reflectthe gasolinefuel market in
the futureinsteadof beingcomparedwith heatingoilor chemicals.

C). Anonymous:Where doesthe excesspropanego today?

A. It is used as a feedstockfor ethyleneor other chemicals. I wouldliketo sellit as
a preferredmotorfuel.

Comment: NorvalHornet,AmocoCanada: I agree. Ethylenecan be made from
ethane, butane,naphtha,or gas oilwhichwouldrelease a lotof propanefor fuel
at a modestprice. A change of onlya few centsper gallonwould take propane
outof the chemicalmarket.

Q. NorvalHomer, AmocoCanada: What is the priceof M85 methanol?

A. Right now, M85 is about the same price as unleaded gasolineon a volumetric
basis. That actuallymakes itabout50 percentmoreon an energybasis.

Q. Vinod Dugga!, Cummins Engine Co.: Was your price chart comparison of
propaneandgasolineon a gallonbasisor a BTU basis?

A. The chartwas basedon pricepergalloninthe sportmarket.

Q. Howdoesthe energycontentof propanecomparewithgasoline?

A. Althoughthe BTU contentof propaneis about25 percentless,a propane-fueled
vehiclewillobtainabout 15 percentlessmilesper gallonthan gasoline.
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FUEL ISSUES FOR GAS ENGINES AND NGVs

W. Liss
Gas Research institute
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Fuel Issues For Gas Enginesend NGVe

William E. Lies
Senior ProjectManager

EngineTechnology
Power Generationend Transportation Systems

Gas ResearchInstitute
Chicago, IL 60631

(312/399-8352)

ABSTRACT

Interest his grown considerably in the U.S. and worldwide in using natural gas in stationery
reciprocatingengines(e.g., power generationend machinerydrives)as well e| in natural gel vehicles
(NGVs). NGV| ere seen in e compressedgas form (e.g., 3000 or 3600 peig) or in a liquefied form
(LNG)--both which increasethe storage densityof the fuel (e critical factor in the vehiclemarket). In
many gas uses, fuel properties ere not of major concern. With reciprocating engines end NGVI,
however, fuel composition and property changes can impact equipment (i.e., engine end refueling
station) operation and performance. Particularlyin NGVs, fuel issuescome to the forefront because
of the sensitivity of someengines(e.g., thoserunningnearknock-limitedpower), the extreme pressure
andtemperature regimesin which the gaseous or liquidfuel may beexposed (relative to ambient), end
the low emissiontargets being sought. This paper will outline many of these areas end provide an
update on knowledge of fuel property cause/effect relation on stationary engine, vehicle, end NGV
station operation.

INTRODUCTION

There are often complex, elusiveissueswhich arise in the operation of stationery gas engines, NGVs,
andNGV refuelingstations. One of the more controversialis fuel composition,propertiesor "quality."
Often confusion exists as to the seriousnessof some fuel-relatedissues. In part, this results from the
complexity end variability of equipment in use end the number of dimensions along which fuel
properties may change and influence equipment operation end performance. The objective of this
paper is to providebackgroundand insighton the interactive effect fuel has on performance of these
equipment. This is intendedto helpfoster awareness inthe industry of some of the major fuel issues,
debunksome misconceptions,end providetechnologyendinformationtransfer. Some of these issues
(e.g., fuel meterl:,g efi r,qts) will likely be familiar, while others may be new. Referencesare cited for
those readerswho want to explore these issuesin more detail.

GENERALFUELVARIABILITY

GRIbegan looking into fuel issuesfor this market segment in 1990. A program was started with AGA
Laboratories,IGTand G. Steinmetz to documentfuel property variationsintwenty-six majorU.S. cities.
This includedcomponents routinely detected by a gas chromatograph and which have a meaningful
influenceon fuel properties. This means individualhydrocarbonsthroughCa, with hexane andheavier
hydrocarbonsbeing summed up as Ce+ and assumed to be n-hexane. Carbon dioxide, nitrogen,
oxygen (if present) were included; some data were collected on water and sulfur. The resulting
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database(I) contains over 6800 analyses collected in cooperation with the U.S. gas industry. A
compdnion SAE technical paper was written(2) which provideson overview of selected engine/fuel
issues.

Figure 1 shows the weighted average non-methane hydrocarbonspecies for each city sampled end
Tibia 1 shows summery data statistics. Figure 2 shows weighted frequency distributionsfor various
natural gas species end properties. In general, these date show reasonableconsistency throughout
the U.S. Some areas have extremely stablefuel, while otherregions have ongoing fluctuations within
e given range. Two areas of exception wore identified: (i) e Rocky Mountain region where a blend of
ethane and air ere added to natural gas and (2) use of propane/air peekshavlng by some utilities. This
survey establishede baselinefor understandingpotential variationsin fuel properties and have helped
in assessingfuel effects related to specific equipment operationalJssuos. A numberof those issues
will be discussedinthe following text.

GAS ENGINEOPERATION

Addressingfuel issues for gas engines is not trivial. Though relatively smell volumes of gas engines
ere produced annually (compared to gasolineend diesel engines), an amazing verioW of gee engine
typos exist. Those includestoichiomotricopen-chamberengines,loan-burnopen-chamberengines,end
loan-burn pro-combustion chamber engines. Many ere four-stroke engines, but several thousand
naturalgas pipelineengines(collectively, millionsof horsepower)ere direct-injected,spark-ignitedtwo-
strokesthat in several cases have been runningfor decades. Most gas enginesare spark-ignited, but
e small portionuse diesel-pilotignition('duel fuel" engines). Some enginesore beingdevelopedwhich
are direct-injected, compression-ignitedsimilar to diesel engines. On top of this complexity, such
enginescan have e variety of engine compressionratios, boost levels, and emissioncontrolstrategies.
Froms technical viewpoint, such diversitymakes it difficult to come up with standardanswers to the
questionof how fuel changes impact engine operation.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
CITY

Figure 1: Weighted Average Non-Methane HydrocarbonsFor 26 Cities
i i i..i.i iHlll| ii ii ii iH ii i i i i iii i i ,
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Figure 2: Weighted Frequency Distributions For Gas Constituents And Properties (cont.)
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Table 1: Weighted Statistics For Natural Gas In 26 Major U.S. Cities

I i I iii i I i I iiiiii

Mean Min. With Min. W/O Max. Max WlO lOth %- IlOth %.
PIA PIA With PIA PIA lie lie

i i . i i i

Methane (Mole %) 93.9 55.8 74.5 98.1 98.1 89.6 96.5

Ethane (Mole %) 3.2 0.5 0.5 13.3 13.3 1.5 4.8
,i ,,,,, , , ,, ,,ii I" i ,ii i ,H i,i

2,o,,, (mo,, 0.7 0.0 oo =3.7 =.6 0.= .... 1.=
C4. (Mole%) 0.4 0.0 0.0 2.1 2.1 0.1 0.6

C02, N2, 02 (Mole %) 2.6 0.0 0.0 15.1 10.0 1.0 4.3

Heating Value (BTU/ecf, 1033 970 970 1208 1127 1006 1048
HHV)

, i i i

Heating Value (MJ/m 3, 38.46 36.14 36,14 45.00 41.97 37.48 39.03
HHV)

W_bbe Number (BTU/eof) 1336 1201 1201 1418 1418 1331 1357

Wobbe Number (MJim s) 49.79 44.76 44.76 52.85 52.85 49.59 50.55

Specific Gravity 0.598 0.563 0.563 0.883 0.698 0.576 0,623

Air/Fuel Ratio (Mace) 16.4 12.7 13.7 17.1 17.1 15.9 16.8

Air/Fuel Ratio (Volume) 9.7 9.1 9.1 11.4 10.6 9.4 9.9
, , ,, ,,, ,,,,, , i

Molecular Weight 17.3 16.4 16.4 25.5 20.2 16.7 18.0

Hydrogen/CarbonRatio 3.92 3.24 3.68 3.97 3.97 3.82 3.95
, ,,,, ,,, ,, J, , ,,, , ,, , , , , i

Lower Flammability Limit, 5.00 4.30 4.56 5.25 5.25 4.84 5.07
%

.......

In the broadest sense, fuel changes impact engine operation in three key areas: (1) fuel metering, (2)
emissions/power characteristics, and (3) knock potential. These parameters cannot be dealt with

independent of each other--e.g., changes in metering accuracy can either increase or decrease

emissions/power output as well as increase or decrease potential for engine knock. While recognizing

this, these subtopics will be discussed as if each were independent.

Enoine Fuel Metering

Like most Qas appliances, fuel is delivered to gas engines via a fuel control strategy. This is done

either by carburetion or through independent electronic or mechanically controlled valves (orifices).

King's SAE paper(3), sponsored by GRI, illustrates basic equations describing natural gas flow through
an orifice as well as an explanation of the magnitude of engine operating changes (i.e., effects) that

would occur when switching between two different fuels (i.e., cause). An equation from this paper

shows the following approximate relationship"):

I. Wobbe Number (WN) is e measureof energyflow rate throughanorificeandis found by WN ,, HVh/S.G.. Equivalence
ratio (phi, _) is the actual fuel/air ratio dividedby the etoichiometric fuel/air ratio (F.). Q, is heating value per pound
and generally around20,000-21,000 BTU/lb (LHV); HHV values are about 10% higher than LHVe.
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_== (_1* (WN=/WN 1)" [(0°1/Q==)" (F,1/(F,=I]

In its most simplest approximation, this relation can be distilled by dropping the Q= and F, ratio terms
because their product tends to be a constant (an interesting chemical phenomenon) '=1.This means that
a first-order approximation of fuel metering cause/effect on equivalence ratio is obtained by ratioing
the respective Wobbe Numbers of the two fuels as follows:

_== _I*(WN=/WN 1)

This relation is shown graphically in Figure 3, which includes a spectrum of fuels. The direct
proportionality holds true over a broad range, though the presence of inerts and oxygen/air in the lower
Wobbe Number range creates some non-linearity. This relation, while seemingly simplistic, goes far
in describing the most oervasive manner in which fuel composition impacts gas engine combustion.

In general, Wobbe Number is held fairly constant in the gas industry. The 10-90th percentile span
from the fuel survey is 1331-1357, with a mean value of 1336--nominally a ± 1.5% range for most
fuels. The maximum and minimum were 1418 and 1201, indicating a broader spread at the fringe.
The high-ethane region identified previously has a relatively low Wobbe Number--about 8% from the
mean. While different from the norm, this region does tend to have a _;onsi_tently diff0rent fuel--which
can aid in recalibrating equipment to this specific region. Higher Wobbe Numbers tend to be
encountered in regions located close to production sources. Gases in the 1350-1400 range typically
have higher levels on non-methane hydrocarbons and low levels of inert gases.

The analysis linking _ and WN is specific to control of a combustion device--i.e., where the concern
is the ratio of fuel and air rQlel;ivQto stoichiometrv. It is not in principle a mass/volume/energy flow
metering scenario. In a classic metering relation, the primary fuel-related issue is molecular weight or
specific gravity. From this perspective, the fuel survey showed that the 10-90 percentile span for
specific gravity was 0.576-0.623, with an average value of 0.598. This implies that fuel-related
metering impacts would be about ±4 percent, whereas the engine/combustion Wobbe Number
metering effect is about a factor of two lower in impact. The reason for this significant difference is
largely due to the inverse correlation that exists between specific gravity and fuel stoichiometry. That
is, there is a partial cancelling effect _'. This is a perhaps a subtle issue requiring greater elaboration.
The author encourages interested people to read King's paper and other sources on this subject.

With regard to mass or volumetric metering, the amount of fuel that passes through an orifice under
ideal conditions is related to fuel pressure, temperature and properties--basically, density of the fuel.
For example, many light-duty NGVs operate with fuel injector pressures around 100 psig. At 90 psig,
fuel density in the rail drops by 8.8%, yielding a sensitivity of about 0,9% Der Dsig. Temperature-
related density sensitivity is on the order of 0.2%/°F at temperatures around 70°F. Obviously, from
a metering-only viewpoint, accurate temperature and pressure measurements are at least as important
as having a handle on fuel properties.

In closing, it should be recognized that accurate mass or volumetric metering of fuel to an engine is
really a means to an end point--it is not the ultimate goal. For this reason, the author refrains from
mentioning mass air/fuel ratio and focuses exclusively on equivalence ratio--the ultimate goal. This will

2. A broadrangeof naturalgasfuelshaveanamazinglynarrowQ_*F,valueof 1378-1380 BTU(HHV)perpoundof air
consumed(understoichiornetriccombustionconditions).Thisrelatesto molecularstructureandH/C ratioof thefuel.
Hydrogenhas a valueof 1393, gasolineis about1371, anddieselfuel is about1281. Notethat the presenceof
oxygeninthe fuelaffects thisvalueconsiderably.

3. TheGRIfuelsurveyshowsthe followingrelationbetweenspecificgravityandatoichiometricA/F ratio(massbasis).
S.G. = -0.0252*(A/F), + 1.007 withan R2of 0.9.
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be elaborated on in the next section. In general, Wobbe Number (a kay determinant for engine
metering) is kept fairly constant in the gas industry (thoughsome excursionsdo exist).

Enaine Emissions/Performtmge

Many factors influencethe emissionsandoperating performance of reciprocatingengines. For those
interested in this topic, two resourcesare recommended(4)(5). Details of this area are beyond the
scopeof this paper,but a linkage will be drawn with the previousdiscussionof fuel meteringaccuracy.

As a quick primer, gas enginesfall into two broadclasses:(1) stoichiometric(or "rich" burn) and (2)
lean burn. Stoichiometric engines operate near the chemically correct mixture of air and fuel (i.e.,

= 1.0) and are often equipped with three-way catalysts for control of NOx, CO, and non-methane
hydrocarbonemissions. Exhaustoxygen sensorsare used for feedback correction. These concepts
are broadly applied on today's automobiles. The exhaust oxygen sensor is critical in that it helps
correct for changes in engine condition,ambient conditions,and fuel properties.

Lean-burngas enginesoperate with a largeexcess of air--_ is generallyon the order of 0.6-0.7 for low-
emission open-chamber lean-burn engines, while prechamber and dual-fuel engines run even leaner
(¢=0.46-0.6). With turbocharging, lean-burn enginescan provide low NO=emissionsand excellent
full-loadfuel efficiency (on the orderof 36-44%, LHV dependingon size aridcombustionsystem). Due
to the general lack of suitableoxygen sensors,however, most of these enginesoperate in an "open-
loop" control mode. That is, there is no feedback correctionto accommodate engine,ambient or fuel
changes.

Engineengineersspend many hours in enginedevelopmentusingdynamometersto characterize (i.e.,
"map") an engine. In today's climate, most of this is in fine tuning trade-offs between efficiency,
power, knock limit, and emissions. In someinstances,this can bea delicate balance. While obtaining
low emissionsin the laboratory is generally possible,an even greater challenge is to devise sensors,
controls and algorithms which are capable of ensuring that "in-use" emissionsare on par with lab
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results. This is the primary purpose of On-Board Diagnostic requirements for vehicles.

The main overriding parameter for achieving emissions consistency is eouiva!ence ratio (_, phi)--
especially for premixed combustion process (note that 4, lambda, is the inverse of _ and termed the
excess air ratio). This is well established in the literature (see Heywood) and confirmed in single-
cylinder engines tests conducted by Southwest Research Institute (SwRI) for GRI(6). These tests
showed no statistically significant emission effects from widely different natural gas fuels when engine
eauivalence ratio was held constant (reinforcing the need for control of _).c_

For most engines, NOx control is the most difficult challenge. NOx vs _ trade-off sensitivity for
stoichiometric and lean-burn engines are different. On stoichiometric engines, slight changes in _ (e.g.,
1-2 percent) to the lean side can result in dramatic increases in NO_ due to the abrupt drop-off in
catalyst NOx reduction efficiency when operating lean of the peak catalyst efficiency point (which
generally exists around _= 1.005-1.01). Figure 4 shows this relation. This sensitivity virtually
mandates a feedback oxygen sensor to correct for all factors which influence _ (which includes factors
beyond just fuel). Running slightly richer has less severe impact--CO and HC emissions increase
marginally, but NOx removal stays high. For this reason, stoichiometric gas engine controls typically
have a strong rich bias.

The challenge for stoichiometric fuel control systems is to devise adaptive learning strategies that can
recognize and accommodate expected changes in fuels and other parameters. Discussions with control
experts gives indications that some existing adaptive learning strategies can effectively accommodate
a broad range of natural gas fuels. (However, not all control systems are as evolved.) Presuming such
systems become commonplace in the future, it is the author's opinion that combustion/emissions fuel
effects on stoichiometric, naturally aspirated gas engines will likely be of minimal concern on the vast
majority of natural gas fuels.

Lean-burn engines also have sensitivity to fuel/air metering accuracy, though not as dramatic as
stoichiometric engines. When operating richer--e.g., with a higher Wobbe Number fuel--engine power
and NOx levels increase and knock potential increases. When operating leaner--e.g, with a lower
Wobbe Number fuel--the opposite effects will occur (up to a limit). If run too lean, the engine moves
beyond the flammability limit of the fuel, resulting in misfires, hesitation and possibly stalling. In
practice, the cause/effect relation between fuel changes on lean-burn engines depends on the *degree
of lean-ness." In general, the margin for fuel metering is about + 5 percent with open-chamber, low-
emission lean-burn engines operating near _ = 0.675 (though manufacturers will state that other factors
"eat up" some of this margin). This is shown in Figure 5. Obviously, if the engine is running right at
the "lean limit" decreases in Wobbe Number could shift the equivalence ratio beyond the flammability
of the fuel '=. As in stoichiometric engines, use of exhaust feedback control systems can be a solution
to fuel shifts. Reliable, durable, and cost-effective feedback sensors (e.g., wide-range oxygen sensors)
are needed for most low-emission lean-burn engines.

In closing, experience with engines has shown that accurate control of _ is the primary goal for
repeatable engine emissions and performance (at least those using spark-ignited, homogeneous
combustion). Closed-loop exhaust oxygen sensors and adaptive learning algorithms are seen as the
most direct, pragmatic approach to achieving this end given the known or expected variability in engine
condition, ambient conditions, and fuel properties. Reliance on equipment-based solutions is warranted

4. The importanceof _ on engineoperationcannotbe overemphasized.Evaluationof engineoperationor emissions
basedonair/fuelratiois ofquestionablevalue. Forexample,anair/fuelratioof 16.5:1 willbeleanonsomefuelswhile
richonothers--air/fuelratiomustbe referencedto stoichiometryto be put intopropercontext.

5. As discussedinKing'spaper,a shift inWobbeNumbermayalsoresultin a fuel witha slightlydifferentflammability
limit. Thiscouldalterthe equivalenceratioat whichthe lean-limitexists.
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given the low probability that wholesale changes in the operations of the natural gas industry will
transpire over near-term (due to the low volumes of fuel used by enginescomparedto other natural
gas markets).

Gas Enotne"Octane Ratinn" and Knock Resistance_

Gasoline users are familiar with the terms Octane and Octane Number. In essence, Octane Number
is s non-dimenalonll value obtained by comparing a test fuels' resistance to knock relative to two
reference fuels on I specific test engine. There are other less-commonknock rating methods, such
as Performance Number and Methane Number (for gaseousfuels), but Octane Number is the most
widely known.

GRl-sponsoredresearchperformed at SwRI by Kubeih has applied ASTM Octane Rating methods to
variousnaturalgas fuels. These data are documentedin a GRIreport(7) andcompanionSAE paper(8).
These teats show that puremethane has a Motor OctaneNumber (MON) indexof approximately140.
Most natural gases have MONa in the range of 115-130, while peakshavinggases containing high
levels of propane (e.g., 17-25%) have MON ratings of 105-110. Pure propane has a rating of about96-97.

Kubeshdevelopedtwo mathematicalrelationsthat can be used to _ MON rating of natural gas
fuels. The range of applicabilityof these relationscannot be stated with certainty, but it is believed
to cover most conventional fuels containingsaturated (i.e., paraffinic) hydrocarbons.

LinearCoefficient Relation

MON - 137.'/8"Methane + 29.948"Ethane + (-18.193)'Propane +
(-167.082)*Butane + 181.233"CO= + 26.994"N 2

Where Methane is equal to methane mole fraction, Ethane equalsethane mole fraction, etc.
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HvdrooeqlCarbon Ratlo Relatlon
t

MON - -406.14 + 508.04"H/C-173.55*(H/C) 2+ 20.17"(H/C) s

Where H/C Is the ratio of hydrogen atoms to carbon atoms.

These equations both providean excellent fit to the experimentaldata points. Figure0 is a graphical
representationof the HIC vs MON relation.

To (possibly)help put the Octane Number scale into context, the author has modified an exhibit by
Heywood" end incorporateddata from Kubesh's work end Westbrook et =1(9). Figure 7 shows the
Research Octane Numbed_ for a broad range of saturated (i.e., parafflnic or alkane) hydrocarbons
containing up to eight carbon atoms. The basic trends are:

• Long, straight chains (i.e., "normal') hydrocarbonsdecrease in RON value significantly. For
example, methane has a RON value of about 140 while n-heptene has an RON value of O.

• Hydrocarbon branchinggenerally increasesRON value.

However, a simple mixing relationshipcannot be used to predict the Octane Rating of a mixture of
individualhydrocarbons. This is clear from the linear coefficient relationship-each hydrocarbonhas
a weighted impact on knock resistance. Thus, Figure 7 is mostly of academic interest-empirical

, ,, . ii ,i

6. ibid., p 472.

7. The author has lll_iftld between Motor (MON) and Reeearoh(RON) valuu beoaueeWlltbrook't data ordy thowed RON
values. MON values are lower than RON due the greater eevadty of the MON teat. On guollne pumps, ooneumers
normallysee the average of the two |(R + M)I2I.



452

i i i iii ii ,,]i i ,iii i i ILLI IIIIi ii iiiiii iiiiii i i,,,,,,,,,,,,,i i

Motor OctaneNumber
150 .............. ...............

140 ...................................................................

130 ....................................................... _/

2.5 3 3.5 4

Hydrogen/CarbonRatio

Figure 6: Correlation Of Motor Octane Numberand H/C Ratio

iiii llmlllI I I III II I I II [ Ill IIIIIIIIIII 111111111IIIIIIII I I II I 11

testing is the best means of accurately determiningthe Octane Number of a fuel mixture.

In closing, Kubesh's empiricaldata shows that the Octane Numberof nearly all conventionalnatural
gas fuels is extremely high on this scale. A mixture of 75% methane and 25% propaneexhibited an
estimated (R+ M)/2 anti-knock rating of 112. From a knock resistance viewpoint, even the most
outlandishgas blends have knock resistancemuch greater than commercial gasolines.

Gas Compressionand NGV Refueling

Virtually all end-use delivered natural gas was once in a compressed state...interstate gas
transportation normally occurs at 1000-1500 psig (or higher). The concept of compressing and
handling high-pressuregas is not new to the gas industry. Despite this, NGVs go beyond typical
transmissionpressure levels (e.g., 3000-4000 + psig). What are some of the fuel issuesassociated
with compressed gas at these levels? Examples include water content and water dewpoint,
hydrocarbon dewpoint, compressibilityfactors, pressure-volume-temperaturerelations, compressed
energy content, and others. These are all important factors influencing gas compression, refueling
operations, retail metering, as well as vehicle operation and range. The following text will discuss
some of these factors.

Heatina Content, Gas Density and Vehicle Rang?

The most important aspect of NGVs is their fuel storagecapability and drivingrange, which is dictated
mainlyby vehicledesign(storagevolume, tank pressurerating, andfuel economy) as well as the ability
of the refueling station to correcf/y fill the tanks. Ultimately, the figure-of-merit is the amount of
enerav in the on-board storagetanks--which takes into accountfuel heat content and compressibility.
How does fuel compositionrelate to this? Further, the industry appears to be headingtowards a unit
of retail measure termed the "gasolinegallon ,_quivalent"(GGE)--what is this and how does fuel alter
this index?
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The author believes that a nominalheating content for gasoline is 114,000 BTU/gallon(lower heating
value--LHV). Using anaverage natural gas compositionas shownin Table 2, it can be estimated that
123 scf of natural gas equal a gallon of gasoline[GGE - (114,000 BTU/gallon)/(926.2 BTU/acf)]. This
is an apples-applescomparisonof both fuels, using lower heating values,a

Ideally, NGV stations shouldoperate in a fashion that providesa constant energy density (BTU/ft:)of
C0mnresled gas. However, much to the consternation of the gas industry, stations do not even
always fill tanks to the proper oressurelevels. To elaborate, compared to the ideal fill at 3000 plig
@70°F, 2400 ;Dsiggives 18.2% less energy, 2600 psig gives 11.7% less energy, 2800 psig gives
5.6% less energy, and 3600 psig gives 14.3% more energy. Pressurefill inaccuraciesresult in a
1.4%/50 psig compressedenergy sensitivity impact around the set point of 3000 psig and 70°F.
Clearly, an accurate fill is an important goal for consistentvehicle range. Temperature compensation
(or mass fill concepts) can lead to this ideal(10).

! To see the impact of fuel on range, envisiona vehiclestorage system with a "water" volume capacity
of 6.5 fts. Using our average fuel, we have 74.49 Ibs of fuel at 3000 psig (6.5 fta° 11.48 Ib/ft_) on
board with a total energy content of 1,516,318 BTUs (74.49 Ibs'20,356 BTU/Ib-1.516 MMBTU).
As3uming a fuel economy of 1§mpo (about 7600 BTU/mile, using 114,000 BTU/gallon), this vehicle
should go about 200 miles before runningcompletely out of fuel.

With this baseline,what happenswhen otherfuels are pluggedinto the calculationsof GGEand energy
density? Table 3 shows four fuels that are meaningfullydifferent than the U.S. average. The l Oth
and 90th percentile fuels were taken directly from the fuel survey. The high-ethane was derivedfrom
the survey results of one region; the propane/airpeakshavinggas is s 20% blend of propane and air
(in equal proportions)mixed with 80% of the average fuel.

, ,,, i ,,

8. The etanderd tornperaturo and pressure(STP) roforonoepoints ere eO'F end 14.73 poll.
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The differences in GGE (at STP) are shown. For the 10-gOth percentile fuels, shifts in GGE value are
minor-on the order of ± 0.5%. The other two etyptcal fuels have greeter Impacts (though the
magnitude is not much more then "gasohol" blendshave on gasollne).

With regardto _ gas energystorage density, we see that the lO-gOth percentilerange for
natural gas would have e nominal ± 1.4% Impact on vehicledrivingrange-about the equivalent of 50
pstg underflll. The two atypical fuels-i.e., the high ethane end propanecontent--have larger impacts.
Figures 8e,b Illustrates the reason why compressed energy density is different than the GGE value
(which is referenced to standardconditional. This shows how gas density and compressibilityfactor
changewith increasingpressurefor eachof the five fuels under constant temperatureconditions, The
10-90 percentile and the average fuel fall within s fairly tight region. The density of the high ethane
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fuel is marginally higher, though Z-factor vs pressurerelationshipis virtually identical to the average
fuel. Fuel 5, representing the propane/airblend, his a noticeably different density and compressibility
relationshipand yieldse rangeincreaseof over 9%. This fuel is obviouslydifferent from typical fuels.
Note that the values would be different at other temperature points.

Inclosing, understandingfuel-relatedrangeimpacts requiresmorethan evaluationof volumetricenergy
content-the overalldeterminationmust includeanalysisof gas compressibilityand density at the final
stored conditions. For most typical fuels encountered, there is a relativelyminor fuel effect on energy
storage density. Propane/airfuels tend to have a more dramatic impact on stored energy density due
to their highermolecularweight andmore pos/t/ve, non-/daM behavior." While fuels do have animpact
on range, in practice the challengeof achieving an accurate temperature- and prenure-compennted
fill tendsto overwhelm the fuel issue for most conventionalnatural gases.

Water Contenj

One of the more contentiousNGV fuel topics is water. This substance is found in natural gas due to
natural absorption, similar to its presencein the air we breathe. Like rain and snow from the earth's
atmosphere, water can condense from natural gas if the relative humidity exceeds 100%. Water
becomes an issue in NGVs becauseof the extreme temperatures and pressuresthat the fuel can be
exposedto, includingstationstorage pressuresfrom 3500-4500 psig and possibleexpansion-induced
temperatures (at lower pressures) down to -25'F or lower. Water condensationfrom natt,ral gas can
be as a liquid, an ice or frost, or as e hydrate (a clathrate crystallinecompound made up of water end
trapped hydrocarbons).

Information on water/natural gas psychrometry is well-documented inthe industry(11),(12),(13)(14).
The water content of naturalgas is typicallyquoted as a maximum of 7 Ibs/MMSCF--in practice, values
higher andlower do exist. Usinga typical natural gas specificvolume of about 21.9 ft3/Iband a water
content of 7 Ibs/MMSCF, it can be found that water is about 153 ppm on a mass basis. This
effectively is the absolute humidity. Using a water specific volume of 21 ft3/Ib, the volumetric
concentrationat STP is about 147 ppmv. Usingthe previousexample of a 6.5 ft_ storage system end
11.46 Ibs/ft 3 compressedgas density, it can be found that the entire storage system contains about
0.011 pounds of water--or about 5 grams. Obviously, this is not a lot of mass''m.

While seeminglyinsignificant, problemscan occur if water condensesin a concentrated fashion. Of
course, the Joule-Thomson expansion-induced by pressure drop throuah a restrict!on-can cause
significant gas cooling. The combination of gas cooling and tight piping, filters, or orifices can lead
to possiblefreezing and plugging. In the author's viewpoint, herein lies the crux of the water issue in
NGVs.'"

Figure 9 shows the issue of water content in terms of 100% Relative Humidity (100% RH) as a
function of gas temperature at 3000 psig. A condition (i.e., temperature and water content point)

9. Fluid density is inversely proportional to the compressibility factor Lo(= l/Z), Lower Z.fectors provide the opportunity
for higher densities than expected by ideal gas-law calculations.

10. The author made s reference previou_y to sir and condensation (rain and inow}. It is important to note that natural

gas ha= a water holding capacity (i.e., absolute humidity) that is two orders of magnitude (100 times) lower then air..
these are really different fluids.

11. The issue of water-induced corrosion is often raised. While not meaning to trivielize an important safety

issue,especlslIy out of ignorance, the author is skeptical on this subject given the excellent track record of compressed
gas cylinders for NGVs. Freezing is • more immediate, tangible issue. Further, most condensation is presumed to
occur at low temperatures where condensate is a solid which is not an effective medium for corrosion processes.
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above the line represents an over-saturation condition-some form of condensation would occur to
bring it down to the 100% RH line. Points below the line should be free of condensate. The amount
of water that will condense is the difference between the specific condition and the 100% RH point
for that temperature. At these elevated conditions, it becomes probablethat water forms as msolid--
certainly below 32'F. Even above this point, s solid water phase can form as a hydrate-even at
temperatures up to 70'F.

To elaborate, take a gas with a water content of 7 Ibs/MMSCF It 3000 psig, 70'F--just slightly below
100% RH. Assume further this Oil was cooled by a drop in ambient temperature to 30'F. The
Imtursted water content st this point is about 3.75 Ibs/MMSCF at 3000 psig (in reality, tank pressure
would drop to about 2500 psig, but this effect on water holdingcapacity is relatively small end will
be ignored). Taking the difference, this implies about 3.25 Ibs/MMSCF of water shouldcondense--in
this came, completely as e solid. Using the 6.5 fts tank scenario, we have approximately 1630
standard cubic feet of compressed gas which impliesabout _ of water shouldcondense. Is
there any wonder that water is mucha controversial issue in the NGV industry? Can so little mass
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ca_Jsereal problems? No doubt someareas have higherwater content, but many areasof the country
have even drier gas.

Presently, control of water content is predicated on preventing_ form of condensationunder the
most extreme winter weather conditions. In the viewpoint of many, this is seen as an extreme
requirement. Referring back to Figure 9, note the leveling off of this curve as temperature drops to
about 10°F. As temperaturedecreasesfurther, the absolutehumidity appearsto approacha horizontal
asymptote.... i.e., a point of diminishing return seems to exist. Yet, even st extremely cold
temperatures a dewpoint exists (as shown in the bottom portion where the same data are displayed
on a logarithmic scale). The water holding capacity continues to decrease, but the question is, so
what? Forexample, between - 10 and -20°F the water holdingcapacity of natural gas hal dropsabout
0.3 Ib/MMSCF. In our 6.5 fts tank scenario, we're talking about possible condensationof about 0.2
grams. Is this worthy of concern? When does water become a de rain#hiS concern and dewpoint
become an essentially meaninglessmeasure? These are difficult questionsto quantitatively answer.

In closing, it is likelythat water will continueto remaina controversialtopic in the industry. Anecdotal
evidence exists on both sides to substantiate either the need or ridiculousnessof tight water control
measures. One point is clear to the author: dewpotnts, while a measure of dryness, become of
questionable worth at temperatures below about 10°F. It appears there comes s point where the
specter of water problems(operationalor safety-related) becomes s matter more of academic debate
rather than practical concern. Hopefully, at some point in the not too distant future an acceoptable
andjustified limit on NGV water content can be found.

LubricatinaOiLs

Lubricating oil is often present in natural gas either from oil carryover from gas transmission
compressorsor from NGV refuelingcompressors. ForNGVs, refueling compressorstend to have the
potential for beingthe largersource. The actual amountof oilcarriedoverduringcompressoroperation
is dependent on the designof the compressor,the wear on ringsand liners, and (if used) the removal
efficiency of coalescingfilters.

The potentialnegative or positiveroleof lube oils inNGVs is uncertain. Anecdotal evidenceexists that
high levels of lube oil can cause build-upof liquids in tanks and regulators, possibly influencing the
performanceof the latter. Conversely,onecouldspeculatethat trace levelsof lubricatingoilmay have
a beneficialeffect by coating internalmetal surfaces (i.e., acting as a corrosioninhibitor)and possibly
lubricatingmoving parts in the system.

It appearsthat severalNGV stationoperatorsaretendingtoward non-lubricatedcompressors,watching
more closely the level of oil consumption on lubed compressors, or installing coalescing filters
downstream of the unit. Recent unreported and draft data from Powertech Labs, in work sponsored
by the Canadian Gas Association(15), revealed coalescingfilter oil removal efficiency of about 75%
on average, with a span of 60-97% (six different samples). More information and insight is need(_d
on this subject.

Prooane-AirPeakshavina

Propane-air (P/A) peakshaving is a method used by some gas utilities to meet peak fuel demand--
generallyduringcold winter periods. P/A plants are owned by only a portion of the industry and many
of these are used sparingly. P/A plants nominallyprepare a mixture of 50% propane and 50% air,
havinga heating value of about 1258 BTU/scf (HHV). This mix is then capable of beingblended with
natural gas. In praL.ice, when use, P/A levels typicallyare on the order of 10-30% send out, though
higher levels may be used during extreme periods.

In gas distributionsystems, P/A is an acceptablemedium for transporting energy to the customer. At
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low pressures(e.g., upto a few hundredpsig) andtypical ambient temperatures, P/A has a highlevel
of solubility in natural gas. However, for NGVs, high levels of propane, elevated pressuresand low
temperatures can cause liquids to form. The condensationbehavior of these mixtures is mostly
dependent on (1) the amountof propanepresentand (2) the fuel temperature. Pressurehasan impact,
but only up to the criticalpoint. To elaborate, Figure10 is a phasediagram(or "envelope") of a natural
gas/propanemixture (about 10.5% propane). Within the envelope,a distincttwo-phase regionof liquid
and gas exists. Outside of this region, only one phaseexists. The interpretation of this singlefluid
phasecan be rather subjective. To the left of the envelopeand below Pt. C, (the critical point) it can
be called a liquid; to the right and below C it can be called s gas. Those points above Pt. C (and
outside the phase envelope)are best referred to as highly compressedfluids of varying denisty. To
reinforce the point, when NGV storage pressuregoes above the critical point (typically rangingfrom
900-1500 psig dependingon composition),the gas shouldreallybeconsidereda critical,high-density,
single-phasefluid.

Adding propane to natural gas has the effect of extendingthe phase envelopto the right--i.e., raising
the temperature at which condensationcan occur. This increasesthe potential for liquidsto form at
typical winter conditions. To document this area, GRI has been undertaking modelinganalysiswith
SwRI using an establishedcommercial software package(16). The model is constructedto simulate

i the depressurizationof a compressedgas storagetank--i.e., simulatingenginefuelingand droppingof
pressurefrom a conditionwhere the fluid is in a criticalstate. Nominally, the model goes from about
1800 psig to about 100 psig in 20 finite steps. Fuel temperature is held constant.

Figure 11 shows typical results. These data are a 75 mole% blend of natural gas with a 25% blend
of P/A--overall, the propanelevel was about 13.5%. The figureshows that initiallythere is nochange
in gas-phase concentrationsbecause the fuel is above the critical point. However, at a pressureof
1500-1600 psig there is a change in the concentrations of the gas-phase methane and propane.
Effectively, the fluid has entered the two-phase region and a liquid phase has formed. The liquid is
comprisedmostly of propaneandother heavy hydrocarbons. The transfer of mass from the gasphase
to the liquid phase increasesthe methane concentration in the gas phase. As pressure is further
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Figure 11: Depressurization Of A Natural Gas/Propane-AirMixture

decreased,a minimum point is foundat around900 psig. Furtherdropsin pressureare increasingthe
solubilityof the liquidconstituentsin the gas as the mixture approacheswthe right-most borderof the
envelope-i.e., the dewpoint curve. At low pressures, conditionsexit the two-phase region and the
revaporizedliquid results in a final gas-phase propane concentrationgreater than the starting point.
The greater the amount of liquid that forms initially, the greater the final propane concentrationwill
be.

In closing,it shouldbe recognizedthat P/A is not a widely used practicein the gas industry. However,
for regionsof the country where it is used, station operators and users should recognize that high
levelsof propane and low temperatures can result in liquidhydrocarboncondensation-which in turn
can negatively impact station and vehicle operation.

LiouefiedNatural G_#

Liquefiednatural gas (LNG) is an attractive NGV fuel option becauseof its high energy density and
lighterweight tanks (i.e., when comparedto compressedgas). LNGseems to be especiallyattractive
for use in heavy-duty engine and long-haulapplications (e.g., locomotives, over-the-road trucks).

The primary fuel issue with LNG is its storability or shelf life. Testing and modeling work carriedout
by SwRI for GRI partially documented LNG NGV weathering and enrichment issues(17)(18). These
data revealthat either limiting the flux of heat to LNG or quickly (e.g., within 4-7 days) usingthe fuel
is of paramount importance. Eitherpoorly insulatedtanks (includingthose which loosetheir vacuum)
or long storage periodscan result in boil-off gas losses. The repeated withdrawal of these gasescan
result in a liquidwhich progressivelybecomesmore concentrated with heavier hydrocarbons.

0

This phenomenoncan becomesevere when the tank liquidlevel falls below ~ 1/4 full. This is shown
if Figure 12, where the term "boil-off late" refers to the proportion of system mass removed via the
gas phase. At high liquid tank levels it is virtually impossibleto alter the methane concentration (i.e.,
a high level of inertia exists). However, as the liquid level dropsthe amount of mass in the system
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Figure 12: LNG Weathering Effects

i

decreases and the removal of boil-off gases can more meaningfully alter the liquid composition. For
this reason, it is usually wise to keep LNG storage tanks filled. This helps increase the inertia (i.e., heat
capacity) of the system. This latter point is believed to be important because the heat flux (or heat
"leak") rate to the tank (BTU/hr) remains virtually constant regardless of the amount of liquid in the
tank. That is, a tank containing small levels of liquids will have a higher SDecific rate of vaporization
(i.e., moles vaporized/moles remaining) than a full tank--increasing the enrichment rate.. If LNG is left
idle too long, it can effectively spoil (i.e., decrease in m_thane concentration). LNG has a finite shelf
life.

SUMMARY

This discussion of fuel issues for NGVs goes into detail regarding potential cause/effect relations. An
effort has been made to put these into context with other issues--such as sensitivities to measurement
errors, requirement for advanced controls, etc. The reader should recognize that the practical reality
is that NGVs are fully operational with the situation as it exists today. In most cases, equipment has
a high level of tolerance to fuel changes. In fact, it should be a principal design challenge to
incorporate such capabilities into refueling stations, vehicles, and engines.

By its nature, the discussion of issues and scientific phenomena on this subject tends to bring to light
aspects of equipment operation for which even seasoned users are oblivious to and may appear as
overly negative. In fact, many of these issues are more academic than practical. If minor effects
occur, but are virtually undetectable by the user, do they really matter? From a practical standpoint,
the answer is obviously no. However, as interested parties, it is in our collective interest to continue
to expand our knowledge base on issues of various levels of importance--both minor or major. This
is part of the evolutionary process that will make an already excellent vehicle fuel choice--natural gas--
even better.
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES
!

FUEL ISSUES FOR GAS ENGINES AND NGV'S
W.E. Llss, Gas Research Instltute

Q. Matthew Bol, Sypher:MuellerInternational:What advicedo you have for a utility
companythat wants NGV businessbutusespropane-airfor peakshaving?

A. it depends on the amountof propane-airused. In low proportions,the mixture
wouldnotaffectvehicleperformance. If high levelsof propane-airare needed, it
wouldbe preferableto use liquefiednaturalgas insteadof propane-airfor periods
of peakdemand.The utilitycompanycouldimportthe LNGor produceit locallyin
off-peakperiods.

Q. Vinod Duggal, Cummins Engine Co.: Do I understandthat CNG from pipeline
gas does notrequirea specificationfor NGV fuel?

A. The NGV marketis smallproportionof the naturalgas market. Havinga
specificationforvehiclefuel is a good ideabecause itmakesthe gas industry
aware of what isdesired.However,it may notaccomplishthe changesto make
suchfuel availableat all times. Itwouldbe morepracticalto provideclosedloop
controlon vehiclesto accommodatefuel variations.
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

MAINTAINING FUEL QUALITY:
CALIFORNIA'S METHANOL EXPERIENCE
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Y AND PURP EMMAR

* California Energy Commission Demonstration Program involving
methanol (M85) fuel flexible vehicles and fuel storage and dispensing
facilities.

* Determination of M85 fuel quality. _

* Identify sources of possible fuel contamination.

* Suggestions for maintaining fuel quality.
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CALIFORNIA M85 RETAIL NETWORK

Northern California
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THROUGHPUT IN SAMPLED STATIONS GALLONS

June 1992 May 1993

Northern California
M85 Retail Tota: 20,595 23,_

High Sacramento 6,778 6,906

Average 1471 1708 o'_

June 1992 May 1993

Southern California
M85 Retail Total 26,322 39,461

High Ventura 5,455 7,461

Average 2025 3035



Air Resouro Board 185 Sm2cafions

Test Parameter Test Method Specification

Particulates, max. ASTM D 2276-89 0.6 rrlg/l
Gum, washed, max. ASTM D 381-86 Smg/100ml
Water, max. ASTM E 203-75 0.5% by mass
Lead, max. ASTM D 3329-88 2 mg/l
Vapor Pressure Methods in Title 13, 7.0- 13.1 psi

sec. 2262 (dependentupong_ophko_)
Methanol, min. ASTM D2 Proposal P-232, 84% by volume

Draft 8-9-91 (Annex A-l)

Higher alcohols, max. ASTM D 4815-89 2% by volume
Acidity as acetic acid, max. ASTM D 1613-85 0.005% by mass
Total chlorides, max. ASTM D 3120-87 0.0002% by mass
Phosphorus max. ASTM D 3231-89 0.2mg/l
Sulfur, max. ASTM D 2622-87 0.004% by mass
Hydrocorbons + aliphatic AS_M D 4815-89 16% by volume
ethers

Luminosity NA Luminous flame
Appearance ASTM D 4176-86 Freeof tulbklity, _-xxsixr_ded

matter and sedimant



Comparison of M85   SDecifications
Test Parameter ARB Chrysler Ford GM MX.rMA

Particulates, max. Q • • O •

Gum, washed, max. Q Q

Water, max. • Q Q • 0
Lead, max. • • • 0

Vapor pressure Q • 0 Q •
Methanol, rain. 0 Q 0 0 0

Higher alcohols, max. • •
Aridity as acetic add, max. • 0 • 0 _-._
Total chlorides, max. • Q 0 0

Phosphorus, max. • • • 0
Sulfur, max. 0 • • Q

Hydr¢_carbons + aliphatic Q 0 Q 0
ethers

Luminosity Q

Appearance •
Aromatics •

Gasoline (unleaded) Q
Distillation residue, max. Q Q

Conductivity, max. •
Gum, unwashed, max. •

O = Most stringent specification

Q = Specification exists



M85 ANALYSIS PRO'I'OCOL

Electrical Conductivity ASTM D 1125

Particulate contaminants, residue solids, and sediments Modified EPA 160-2

Gum ASq'M381

Water ASTN4D 1744

Lead content ASTM D 3237

Sulfates Ion Chromatography

b Dry vapor pressure ASTM D 4953
Aluminum Atomic Absorption

Sodium content Atomic Absorption

Caldum Atomic Absorption I.o

Iron content Atomic Absorption

Aromatic content (vol. 96) Capillary Gas Chromatography

Methanol content Modified AS_[ D 4815

Other alcohols Modified ASTM D 4815

Ethers Modified ASTM D 4815

Specific gravity at 60 deg. F ASTM D 1298

Acidity ASTM D 1613

Total chlorides Microcoulometry

Phosphorus content ASTM D 3231

Sulfur content ASTM D 3120

Refractive index ASTM D 1218

Chlorinated hydrocarbons* EPA 8010

*To be performed if total chlorides greater than 1ppm



FUEL SAMPLING METHOD

1. SAMPLING EQUIPMENT
Amber Glass Sample Bottles with Teflon Caps, and Pre-cleaned to EPA Specifications, 5-Gal|on Container,
Funnel, Conductivity Meter (VWR Model 604, Serial No. 9109139), and Distilled Water

d_

METHANOL

2. RINSE SAMPI,E BOTI'LES WITtl REAGENT GRADE METtlANOL

3. WITil 80Z BOTI'LE IN THE FUNNEL IN TIlE 5-GALLON CONTAINER, A'FrEMVF TO OBTAIN
40Z SAMPLE.

-observe and record visual appearance
-measure and record conductivity
-seal and label bottle
-rinse the conductivity meter cell with distilled water twice

4. OBTAIN A 1 i.ri'ER SAMP IN AN AMBER GI.ASS BOTrLE



5. PUMP 4 TO 5 GALLONS INTO THE FFV (OR THE 5 GALLON CAN)

*Record tke time
*Record the amount of fuel

6. OBTAIN FOUR 1 LITER SAMPLES IN AMBER GLASS BOTI'LES

*Rinse the bottles

*Discard the rinse knto the 5 gallon can
*Obtain four 1 liter samples -_Ln

*Seal and label the bottles

7. STORE THE BOTFLES IN A COOLER WITH ICE

8. TRANSFER CONI_NTS OF 5 GALLON CONTAINER TO FFV



S of A al " Results M85 Retail_. ummarv n vt_cal -

Fuel Property ARB SPEC Low High Mean

Particulates, max. (mg/,) 0.6 0.1 0.8 0.5

Gum, washed, max. (mg! 100ml) 5 0.1 4.6 0.9

Water, max. (mass%) 0.5 0.0029 0.1990 0.0204

Lead, max. (rag/l) 2 <1 <1 <1

Vapor pressure (psi) 7.0-13.1 7.0 9.3 7.8 *_

Methanol, rain. (vol%) 84 80 87.2 84.6

Acidity as acetic acid, max. 0.005 0.002 0.005 0.004

(mass%)

Total chlorides, max. (maso%) 0.0002 <0.0001 0.0003 0.0001

Phosphorus, max. (rag/l) 0.2 <0.03 <0.2 <0.05

Sulfur, max. (mass%) 0.004 0.0004 0.0033 0.0017



Particulates, max. (mg/1) 0.6 0.2 0.5 0.3

Gum, washed, max. (mg/100ml) 5 <0.1 0.6 0.2

Water, max. (mass%) 0.5 0.0022 0.61 0.097

Lead, max. (mg/1) 2 < 1 < 1 < 1

Vapor pressure (psi) 7.0-13.1 7.3 9.3 7.7 -_'_

Methanol, rain. (vol%) 84 73.6 87.1 84.36

Acidity as acetic acid, max. 0.005 0.003 0.010 0.004

(mass%)

Total chlorides, max. (mass%) 0.0002 <0.0001 <0.0001 <0.0001

Phosphorus, max. (mg/1) 0.2 <0.003 <0.2 <0.1

Sulfur, max. (mass%) 0.004 0.0004 0.0046 0.0023



ARB S.oecification gee _onces .....d

Range to Exceedances
Test Parameter ARB Std. M85 Retail M85 Non-Retail M85 Retail M85 Non-Retail

Particulates, max. (rag/l) 0.6 11 0.7-0.8

Water, max. (mass%) 0.5 1 -- 0.61

d_
_d
O0

Methanol, min. (vol%) 84 6 1 80.0-83.6 73.6

Acidity as acetic acid, 0.005 _ 1 _ 0.010
max. (w%)

Chlorides (mass%) 0.0002 1 -- 0.0003 --

Sulfur, max. (mass%) 0.004 1 _ 0.0046
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Generic M85 Fuel Station Design

POWER PANEL LEAK DETECTOR
(EXISTING) EMERGENCY PUMP MONITOR PANEL PRESSURE/VACUUM

SHUTOFF PANEL / VENT
REMOTE CONTROL

DISPENSER BOX

METHANOLI \ FLAME ARRESTOR
SUPPLY LINE _ EXISTING BUILDING

(DOUBLE WALL)IL_ VENT LINE

(DOUBLE WALL)

MANHOLE

"--_ "---.,..,._,,_,_ _-_.,.,._....._.._.._. LEAK SENSOR
Oo

FLAME ARRESTOR _..---- -"
VAPOR RETURN LINE -:LGAUGE
(DOUBLE WALL)

TANK _ SUBMERSIBLE TURBINE PUMPN TANK INTERSTITIAL MONITOR

SPILL
CONTAINMENT BOX DOUBLE WALL COMPOSITE

SPILL CONTAINMENT SUMP UNDERGROUND STORAGE TANK
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ITEM MANUFACHJRER DESCRIPTION

UNDERGROUND STORAGE OWENS-CORNING Double-wall Fiberglass
TANKS XERXES Double-wall Fiberglass

JOOR Double-waU steel
W/Fiberglass wrap

MODERN WELDING Double-wall Glass-steel
TRUSCO Double-wall steel

FILL TUBES OPW Model 61SOM with
1/500" annodizing

EBW Duratube Model
No. 782-207-02

t_
t_

DISPENSERS TOKHEIM Models 1250 & 262RC
Modified for M85 use

GILBARCO Salesmaker II modifed for M85 use

DRESSERWAYNE Modified for M8S use

SUBMERSIBLES REDJACKET Model MG 75S1 3/4 HP
TURBINE PUMPS TOKHEIM Model 5.t5-13

PIPING AMERON Dualloy fiberglass
piping (UL listed for alcohol services)

A.O. SMITH Red Thread II

FLEX CONNECTORS TITEFLEX Stainless steel



MAJOR EQUIPMENT ITEMS CONT'D

ITEM MANUFACTURER DESCRIPTION
ENVIRONMENTAL API/RONAN Miscellaneous
MONITORING POLLULERT Tank, sump, and image
SYSTEM CEI probes, line pressure

TIDEL sensors, etc.

IN-LINE FLAME ARRESTORS PROTECTOSEAL Models C4951F & C4952F

VAPOR RECOVERYNOZZLES EMCO WHEATON Electroless nickel plated
A4001 fit A4005

OPW Electroless nickel plated
11VF-4297

BREAK-A-WAY EMCO WHEATON Electroless nickel plated
A4019-003 ,.

OPW 66CL-0250 ,,

PRODUCT HOSE GOODYEAR Maxxim coaxial hose with
RCS8P602 tube compound

JUMPER HOSE GOODYEAR 24" XLPI_Fabchem hose with MxM
roster firings

FILTERHOUSING AMF CUNO Model 1B1 fit 1B2 (Stainless or carbon
steel)

FILTERMOUNTS CIM-TEK Models 50016, 50017 fit 50018

FILTERS CIM-TEK 1 Micron microglass inserts for 1B1 fir
1B2
1 Micron microglass 70025-B

CARD READER NBCS GCII reader, dosc fit pedestal



POTENTIAL SOURCES OF PROBLEMS
_.:._,_" ',"",_:,_ "* .... _.#"_" _:":"E_:_"<*>:.- :._ .......... _ " ":""_::" E:'_'."....... ................ ___-" ';._ _

1. ALUMINUM EQUIPMENT

* DISPENSER FITHNGS

* NOZZLES

* COAXIAL ADAFFERS/VAPOR VALVES

* DROP FILL TUBE -_

* HLTER HOUSING OR FITTINGS

2. INCOMPATIBLE SUBMERSIBLE TURBINE PUMI_

3. GALVANI7FD METAL PIPING

4. INCOMPATIBLE HOSES

* PRODUCT HOSE

* JUMPER HOSE

5. INCOMPATIBLE SEALANT/PIPE DOPE
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COMPONENT UPGRADES

NOZZLES

EMCO WHEATON A4001, A4005, AND OPW 11VF-4297 VAPOR RECOVERY NOZZLES TO BE
RF_LACED BY ELECTROLKSSNqCKEL PLATED VERSIONS OF THE SAME MODEl. NOZZLES.

VAPOR VALVF_/COAXIAL ADAPTERS
d_
iX}
Urt

EMCO WH_TON _26 AND ._227 VAPOR VALVESTO BE REPLACED WITH ErI'HER EMCO
WH_TON A41Nl-O03, A4tNl-O04, OR A41_2.O02 EI_CI'ROLF._ NICKEL PI_.TED
COAXIAL AD._TEI1S.

OPW 38CS-0380 COAXIAL ADAPTER TO BE RELACED WITH ELECTROLFXSNICKEL PLATED
VERSIONS OF THE SAME MODEL ADAFIER.

BREAKAWAYS

EMCO WHEATON A4019-003 AND OPW 66CL-0250 BRFAK.AWAYSTO BE REPLACED WITH
ELECTROLESSNICKEL PLATED VERSION OF THE SAME MODEL BREAKAWAYS.



COMPONENT UPGRADES CONT.

DISPENSER FILTER HOUSINGS/MOUNTS

ENSURE THAT THE FOLLOWING FILTERHOUSINGS OR SPIN-ON MOUNq'S ARE USED:

FILTERHOUSINGS
AMF CUNO 1B1
AMF CUNO 1B2

,SPIN-ONFILTERMOUNTS,
CIM-TEK 50016
CIM-TEK 50017
CIM-TEK 50018

DISPENSER FILTERS o,

ChM-TF.,I(70025B (SPIN-ON)
CIM-TEK (1B1 & 1B2 INSERTS)

PRODUCT HOSE

PRODUCT HOSES TO BE GOODYEAR MAXXIM MSS COMPATIBLE HOSE

(W/RCS8P602 TUBE COMPOUND)

JUMPER HOSE

-_: HARD PIPEW/BLACK IRON OR USE GOODYEAR 24"XLPE FABCHEM HOSE WITH MxM ROSTER
HTrlNGS



CONSTRUCTION OUALITY ASSURAN"CE

* M85 FUELING EQUIPMENT LISTSHOULD BEREVIEWEDBYTHE CALIFORNIAENERGYCOMMISSION
FOR APPROVALPRIOR TO PROCUREMENT

* EQUIPMEIqT SHOULD BE INSPECTED UPON RECEIPT TO ENSURE THAT IT'S THE SPECIFIC
EQUIPMENT THAT WAS ORDERED

* PRIORTO ASSEMBLYOF THE SYSTEMTHE SEALANTFOR THE FrITINGS SHOULD BEVERIFIEDFOR ,_,. GO

M8S COMPATIBILITY

* AFFERINSTALLA_ON, FUELING EQUIPMENT SHOULD BE VISUALLYAND P_URE IXSTED FOR
POSSIBI.F.LINE LEAKS

* PRODUCT HOSE SHOULD BE SOAKED FOR A MINIMUM OF TWE2qTY-FOURHOURS IN M8S TO
LEACH OUT PLASTISIZERSPRIOR TO INSTALLATION

* FUEL SAMP_ SHOULD BE TAKENFOR VISU/d, INSPECTION OF POSSIBLEPARTICULATEMATTER



CONCLUSIONS
_ • . .... . . ..:,:.: -._ _...:. _-_ -.- . _:_ : • _:_:.:.:,.,.:.:_-:_:::.:::::::_,:_"_.:- .-_.-,:.:_::::_._-,..:-_,.'-:;_._'_;:-_-:-:::::::::.::::.%':::'_

* BASED UPON AVERAGETEST RESULTS, M85 FUEL QUALITY MEETS ARB SPECIFICATIONS.

* HOWEVER, PARTICULATE LEVELSNEED TO BE REDUCED.

* THERE MAY BE A CORROSION-TYPE PHENOMENA THAT MAY BE OCCURRING BOTH IN THE
NOZZLE AND IN THE DISPENSER.

* CONDUCTIVITY MAYBE A USEFUL INDICATOR OF POTENTIAL CONTAMINATION.

* PROTECTING OR ISOLATING ALUMINUM PARTSTHAT ARE IN CONTACT WITH M85 AND THE USE
OF M85 COMPATIBLE HOSES ARE REQUIRED

* RESEARCH NEEDS TO BE DONE ON THE SEALANTWHICH SHOULD BEUSED ON THE DISPENSER
AND PRODUCT LINE FITTINGS. THIS INFORMATION SHOULD BE DISTRIBUTED TO THE
MAINTENANCE STAFFIN THE FIELD.
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

MAINTAINING FUEL QUALITY CALIFORNIA METHANOL EXPERIENCE
D. Fong, California Energy Commission

Q. Norval Homer, AmocoCanada: What isthe costof a methanolfillingstation?

A. CEC contributes35 to 40 thousand dollars for the equipment that goes into a
station. The oilcompanyadds another30 to 40 thousanddollarsin engineering,
design, and construction,and they are committedto operate and maintainthe
facilityfor ten years.

Q. Anonymous: Could you comment on the plan to have 2,500 new methanol
outletsacrossthe U.S.?

A. I do not have all the details, but a major supplier is ready to make methanol
available where needed, on their own or through other marketers. The fleet
operatorsare askingfor moreM85 stations.The oilcompaniesshouldbe glad to
hear this if there will be more vehicles to increase fuel demand and station
throughput.

We believethat there could be 20,000 flexible fuel vehicles in California in the
next2 to 3 years. A regulationby CARB wouldrequireadditionalfuelingsitesin
Califomiawithemphasisinthe SouthCoast AirBasin.
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SESSION 4: INFRASTRUCTURE ISSUES

Chair:. Paul Wuebben, SCAQMD
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

MICROPROCESSOR CONTROL OF
NATURAL GAS VEHICLE FAST FILLS

J.Y. Guttman
Canadian Gas Research Institute



Objective of CGR! Work

-, To provide fast fills to NGVs
_O• Refueling in two minutes or less _=

° Operation analogous to gasoline refueling

G 9318
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Fun'damentals of CGRI !_- __

Appr0ach _ !__
||il

,=Mechanical dome load valve replaced using
microprocessor technology

n Utilizes a mathematical algorithm developed by
CGRi

LO
¢=,

= Sensors are placed entirely in the dispenser cabinet
= No sensors are attached to the vehicle since no

vehicle information is required

n Automatic compensation for different flow path
properties and different vehicle storage volumes

G9320



How Does It Work?t

-, Microprocessor receives sensor inputs and utilizes
algorithm to estimate current vehicle fuel tank
pressure 60 times per second

• Flow of gas monitored by micro motion meter
• Gas pressure in dispenser _"
• Gas and ambient temperatures

-, Microprocessor contains pre-programmed
information on maximum allowable vehicle fuel
pressure

-, Microprocessor instantaneously closes main valve
to stop fill when estimated vehicle pressure reaches
allowable maximum

G 9321



mAll mechanical dome load valves must be removed
from the system in order to observe and evaluate
the CGRI technology

n Ten fills correctly stopped out of twelve
documented test fills

m Mathematical algorithm confirmed since random
stopping of fill would unlikely be correct ten time
out of twelve

B Failures related to human error

G 9322
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MICROPROCESSOR CONTROL OF NATURAL GAS VEHICLE FAST FILLS

J.Y. Guttman and E.J. Farkas

Canadian Gas Research Institute
55 ScarsdaleRoad
Don Mills,Ontario
Canada M3B 2R3

Tel: (416) 447-6661
Fax" (416) 447-6757

Fu:l consumer acceptance of natural gas as a motor vehicle fuel requires
availability of a convenient and efficient "fast fill" procedure at public filling
stations. Tilerefore, the natural gas fast fill time must be no greater than the
gasolinerefuellingtime, i.e., lessthan two minutesfor the typical passengercar
or lighttruck. The naturalgas vehiclemustreceivethe maximumsafe amountOf
fuel, for maximumrange, withoutdanger of overfilling.

The Fast Fill

Mass of fuel dispensed is not a direct indicatorof the correct point at which to
stop the fill. Mass of fuel is proportionalto volumeof on-board storage,which
varies from vehicle to vehicle.

The maximumsafe amountof fuel in the on-boardstorageis typicallydefinedby
regulatory agencies in terms o! a maximum allowable pressure at a given
temperature. In Canada, the maximumallowable pressureis 20.8 MPa absolute
(3,000 psig) at 21.1°C (70°1=). Over the year, outdoortemperaturesin various
parts of Canada range from -50°C to +40°C. The vehicle has been filled
correctlyif the pressure in the fuel tank would "settle" at 20.8 MPa if the vehicle
were held indefinitelyin a 21.1°C environment.

The primary factor in knowing when to stop the fill is vehicle fuel tank pressure.
Temperature is lessclear-cut; the temperaturein the tank at the end of the fill is
a functionof initial and final tank pressures,as well as outdoortemperature,gas
supplytemperature, and filltime.
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The requirement to fill in under two minutes means that flow rate must be high
throughout the fill. For flow rate to be high, the driving force for flow must be
high. Therefore, the pressure drop between the dispenser and the interior of the
vehicle fuel tank must be significant throughout the fill. The pressure in the
vehicle fuel tank during the fill is not known, complicating determination of when
to stop the fill.

Drawbacks of Current Technology

Many dispensers utilize the dome load valve with a reference cylinder in order to
stop fills at approximately the correct point. The dome load valve is located in
the dispenser and can only sense the dispenser pressure rather than the vehicle
fuel tank pressure. With the dome load valve, the correct final vehicle pressure
is achieved essentially by equalization between the dispenser and the vehicle
fuel tank. The result is very low flow rates toward the end of the fill.

The dome load valve is generally restrictiveand, as a result, flow ratesare lower
than necessary throughoutthe fill. The dome load systemis not readilyable to
account for the temperature increase in the vehicle tank during the fill. To
ensure safety, most vehicles are, therefore, underfilledand driving range is
reduced.

CGRI Microprocessor System

Canadian Gas Research Institute (CGRI) has developed a microprocessor-
based systemwhichresolvesthese problems.The CGRI systemhas been field-
testedwith excellentresultsand is availablecommercially:

The main points concerning the CGRI technology are the following:

• The system utilizes a proprietary mathematical algorithm developed by
CGRI. The mathematical mcdel is programmed into the microprocessor
which is installed within the dispenser cabinet.

• The microprocessor receives inputs from the flow meter, from flowing gas
pressure, and temperature sensors installedwithin the dispenser cabinet.
There is also an input relatedto outdoortemperature.
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• The CGRI systemcan be installedin newdispensersduringmanufactureor
can be retrofittedto existingdispensersafter removal of the dome load
valve.

• The CGRI system does not require knowledge of the total volume of on-
board storage. The CGRI systemautomaticallycompensatesfor different
valuesof flow resistancedue to differenttypesof fittingsand differenttubing
sizes on differentvehicles.

• There is no mechanicalequipmentin the flow path, otherthan the main on-
off valve within the dispensercabinet. On the basis of the mathematical
model, and using initial and current flow information,the microprocessor,
typically60 times per minuteduring the fill, prepares an estimateof current
vehicle fuel tank pressure. When the estimated pressure reaches a pre-
programmedvalue, _he microprocessorinstantaneouslycloses the on-off
valve to stop the fill. The preprogrammedpressurevalues take accountof
the temperatureincreasein the tankduringthe fill.

Test Results

Considera vehicle tank whichcontains10 kg of fuel when the fuel tank internal
pressureand temperatureare 20.8 MPa and 21.1°C. On a coldday the correct
final vehicle fuel tank pressure may be only 18 MPa in order to have 10 kg of
fuel inthe tank at the end of the fill.

The most straightforwardtest of the CGRI system is carried out during cold
weather, when the correct final vehicle fuel tank pressure is well below the
supply pressure. Under these conditions, observers can readily satisfy
themselves that fills are stoppedby the action of the CGRI system,rather than
by equalization.

Also, the dome loadvalve mustbe removedfrom a dispenserin whichthe CGRI
system is installed for test purposes. Otherwise, it is impossibleto determine
whetherthe CGRI systemis workingproperlyor not.

Two typical tests were carried out on January 16, 1990. These tests were
performed with the commercial version of the CGRI system, installed at a public
filling station in Mississauga, Ontario. The outdoor temperature was 4°C and at
this temperature the pre-programmed pressure at which the CGRI system is
supposed to stop the fill is 19.50 MPa (2815 psig).
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In both fills, vehicle fuel tank pressure immediatelyafter cessation of flow was
19.40 MPa (2800 psig). The dispenser pressurewas observed continuously
duringthe fills. The dispenserpressuretowardthe end of the fill was 21.47 MPa
(3100psig). in the first case and 20.78 MPa (3000 psig)in the second.
Therefore the fills were correctly stopped by the CGRI microprocessor-based
system,ratherthan by pressureequalizationbetweenthe supplyand the vehicle
fuel tank. Flowrate was also observedto be substantialrightup to the instantof
the closingof the ballvalve.

A furthertwelvedocumented.fillsresultedIntencorrectfillsand two underfills

due most likelyto human error.The mathematicalalgorithmistherefore
confirmedsincerandomstoppingoffillwouldunlikelybe correcttentimesoutof
twelve,

The CGRI fast fill technology was field tested for one year at a gas utility
companyfuellingstationfor companyvehicles. Extensivelaboratorytestingand
field use of the system was carried out by a second gas utility company in
Canada. There was also a brief opportunityto test the technologyat a public
filling station in Canada and another is installedin the U.S. The technologyis
licensedto a Canadian manufacturerand is commerciallyavailable.

Summary

The CGRI fast fill technology can completelyeliminate the mechanicaldome
load valves, provide better protectionagainst overfills, and obtain significantly
fasterand morecompletefillsof naturalgas vehicles.
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

MICROPROCESSOR CONTROL OF NATURAL GAS VEHICLE FAST FILLS
J.Y. Guttman, Canadian Gas Research Institute

Q. Anonymous: Will the system overpressurea tank slightly to compensate for
coolingto 70°F afterthe tankis filled?

A. The microprocessoris temperaturecompensatedsothat calculationswillpredict
the finalpressureandtemperature.

Q. William Liss,Gas Research Institute: Do Canadian regulationsallow electronic
replacementfor mechanicaldevices?

A. Yes, the microprocessor-basedtechnologyhas been acceptedand eliminated
the need fordome loadvalves.
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

INFRASTRUCTURE ISSUES FROM THE RETAILERS'
PERSPECTIVE - PANEL DISCUSSION

Panel Moderator. Paul Wuebben

ALTERNATIVE TRANSPORTATION FUEL IMPLEMENTATION
ISSUES - CALIFORNIA PERSPECTIVE

D. Fong
California Energy Commission



HNOLOGY DEVELTt C, _..... _OPMENT

- ENGINE AND COMPONENT DURABILITY

* Fuel Systems

* Emission Control Systems

* FUEL STORAGE AND DISPENSING SYSTEMS

* Materials Compatibility
0

* Vehicle/Fueling System Interface

- LUBIUCANTS/ADDITWES

* Oils

* Fuel Additives



INF RASTRU CTURE......_V EL_OPM ENT• _i__

- FUEL AVAILABILITY

* Number of Fueling Sites
* Location

* Supply and Distribution

- FUEL TIL_SACTIONS

* Access Control
* Payment

ol
0

- REGULATORY CONSTRAINTS

* Local Authorizations (Permits)
* State Certifications for Equipment

- MAINTENANCE SUPPORT

* Vehicles
* Fuel Distribution Systems

. SPECIFICATIONS

* Fuel

* Equiplnent



MARKET DEVEL, OPMENT

" EDUCATION

* Consumers

* Retailers

* Mass Media

* PRODUCT AVAILABILITY
O
t_

* Vekdcle Types/Models

* MARKET PENETRATION

* Consumer Targets

* 11ruing



COST REDUCTION
..................................................... _"........................................................:_i_ii!:".-. E_:':_:___,, ._'-':-_

- INCENTIVES

* Technology Development

* Regulatory

* Marketing

Url
O
_O
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FOELS

INFP_STRUCTURE ISSUES FROM THE RETAILERS'
PERSPECTIVE - PANEL DISCUSSION

Panel Moderator:. Paul Wuebben

METHONAL FUELINFRASTRUCTURE OVER'vIEW

J. Spacek
Canadian Oxygenated Fuels Association

II IIIIIII
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Canadian Oxygenated Fuels Association

COFA is a Methanol Fuel Industry Association.

Formed in 1984 by:

Celanese Canada Inc.;

Methanex Corporation;and

NovacorChemicalsLtd.

COFA's Objectiveis to Promotethe ResponsibleUse of
Methanol as a Transportation Fuel.
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Light Duty Vehicle Program
(to March 31, 1993)

Program initiated in February 1991

11 vehicles (pre-production)
0 4 service stations

Program amended in January 1992

136 vehicle (production)
11 pre-production LH vehicles
5 service stations
6 portable stations

Amendment No. 2 August 1992

dedicated project manager
additional marketing resources
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Proposed MLDVP
(to March 31, 1994)

Program Activities

t continuededicatedprojectmanager

t fuel qualitymonitoringprogram

t vehicle marketingand promotions
program

t stationprogram

Targets

# of stations

Toronto 2 6 8

Vancouver 1 3 4

Calgary 1 2 3

Kltimat - 1 1

Medicine Hat - 1 1

Kamloops 1 . 1

TOTAL 5 13 18
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Refuelling Infrastructure Summary

Transit Installations

Medicine Hat Transit;

Winnipeg Transit; and

Transit Windsor.

Servi_tion Ins_

Toronto, Ontario (Sunoco)

Calgary, Alberta (Robertson/Mohawk)

Kamloops, B.C. (Mohawk)

Burnaby, B.C. (Mohawk)

Clemmer Steel Tank Assemblies
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Transit Installations

Overview- : •

Typically a Red Jacket submersible pump;

10,000 gallon steel double-walled under-ground
tank;

GasBoy island dispenser rated at 40
gallon/minute;

Emco-Wheaton dry-brake nozzle;

RPCO 559N hose;

5 micron Micro-Wind cartridge filters; and

vacuum monitoring with alarm system.
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Transit Installations

Cost (Based on Transit Windsor 1991)

Equipment

Tankage $18,700
Card Tool $ 1,750
Pump/Dispenser $13.200

$ 33,750 $33,750

Installation

Installation Contract* $22,500
Inspection $ 1,000
Insurance $ 1,250
Freight $ 1,000
Engineering Fees $10.000

$35,750 $35,750

Other

Engineering Mark-Up $ 6,000
Goods & Services Tax $ 6.000

$12,000 $12.000

TOTAL

* Includes contractor supplied materials
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Service Station Installations

Two Approaches: 1. M85 Installation
2. M100 With Pump Blending

M85 Installations

Various dispenser/pump brands used including:

Red Jacket
GasBoy; and
Bennett

Both steel and fibreglass tankage used;

Hoses now standardized to cross-linked
polyethylene with nickel plated swivels;

Nozzles are OPW nickel-platedaluminum;

1 micron Cim-tek spin-on filters; and

Vacuum monitoring with alarm system.

IIIIIII
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M85 Installation

Equipment

Tankage $ 8,000
Dispenser $ 3,600
Other

$18,600 $18,600

Installation

Contractor* $17,300 $17,300

Permits/Engineering/ $14,100 $14.! 00
Signage**

TOTAL

* Includes submersible pump, cardlock and contractor
supplied materials.

** Estimate.

III
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ServiceStation Installations

Wayne/Dresser electronicblending dispenser;

Red Jacket submersiblepump;

Cross-linkedpolythylene with nickel-plated
swivels;

, OPW nickel-plated nozzle;

1 micron Cim-tek spin-on filters; and

Vacuum monitoringwith alarm system.
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M85 Pump Blending Installation

Equipment

Tankage $11,700
Dispenser $10,000
Submersible Pump $ 1,800
Other $ 6.850

$30,350 $30,350

Installation

Contractor* $23,150 $23,150

Permits/Engineering/Signage** $16.500

* Includescontractorsupplied materials.
** Estimate.

i
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Fleet installations

Clemmer Tank Diagram

LIFTING
LUG

NORMAL I
GAUGE VENT EMERGENCY ."VENT 1" REMOVEABLE

FILLSPILL DRAW.OFFPIPE
SUCTION I COLLECTOR (RUNS TOBOTTOM

SPARE OF DYKE)

OVERFLOW
WlER

SPRING (EMPTIES INTO
i _ DRAIN ASSEMBLY DYKE)

F(_ . 4"FILLCAP&COLLAR

WITH FILL UMITER AND
DROP TUBE

VACUUM
GAUGE

GALVANIZED
ACCESS

_- PLATFORM

VACUUMMONITOREDDOUBLE BOTTOM

Methanol fuel portable station designed by
Clemmer Industries;

GasBoy commercial-use pump included; and

Cost approximately $6,000.
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Field Experience: Regulatory
Environment

"The only thing worse than a regulation is
no regulation"

_ - , r niz tio

notfamiliarwith methanol fuel;

deviation approach typically used; and

more stringentrequirementsthan gasoline.

notfamiliarwith methanolfuel;

methanol fuel not in fire codes;and

substantialeducationrequiredto obtainpermits.

" " i

not familiar with methanol fuel; and

pumps installed under "demonstration"approval.
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Field Experience: Fuel Quality

Early installations provided steep leaming
curve:

"Methanol compatible"hoses were not M85
compatible;

"Methanol compatible"nozzles were not M85
Compatible, and

"Methanol compatible"pumps/dispenserswere
not M85 compatible;

COFA published Methanol Fuelling Systems
Guide:

recommends installation procedures; and

listsinfrastructuremanufacturers
offering/claimingmethanol compatible
equipment.
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Continued

e oFuel retailers involvement critical m.

"auditing"methanol installationsto ensure
methanol compatible components used; and

Monitoringfuel Quality.

Other

Stationswith low fuel through-putexhibit higher
levelsof fuel contamination;

Aluminumcontaminationhighestpriority.

Transit:

Fuel quality not a concern
l

i_ Vehicle fuel system design pro-active

I iiiiiiii ,,,,i,,, ___
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Lessons Learned

Be Pro-active

methanolfuel educationof regulatorybodiesa
must;

networkto ensureaccessto latestfuel
infrastructureknowledge.

identifyspecificmethanolcompatible
componentsand manufacturers.

Be Patient

allow for longregulatoryapprovalperiod;

be preparedto educatefuel retailers.

Be Watchful

_ ensure aggressive fuel quality monitoring;

ensure fuel installationis "audited" for methanol
compatiblematerials.
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Recommendatlons

!nfrastructum

ImmediateRequirementsFor:

, dispensingnozzle;
p dispenser;and

hose.

InvestigateTemporaryRefuellingInfrastructure:

p above ground tankage with island pump

_, estimate $15,000 - $20,000

[

InvestigateStationRetrofit

, clean steel tank;

replace components with methanol
compatible;and

, replace dispensing pump.

estimate$15,000-$20,00.
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Continued

GovemmentRequlamry

Accelerated Methanol Fuel Educationof
RegulatoryOfficials

High PriorityNeeded on Placing Methanol Fuel
into Regulatory Regime:

fuel specification
fire code

J. fuel safety

Government Policv
it-

Government Leadership to Encourage Flexible
Fuel Infrastructure;

development of servicestation
infrastructurecompatiblewithall liquid
fuels;

encourageall tankage to be methanol
compatible;and

encourage competitionin market place.
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Continued

M85 Service Station Financial Assistance:

should be provided after evidence of
quality fuel performance; and

should reward pump blending approach
on strategic and cost effectiveness
objectives.

Other Stakeholders:

Vehicle Manufacturers Address Accessible and
Enhanced Fuel Filtering on Vehicles.
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

INFRASTRUCTURE ISSUES FROM THE RETAILERS'
PERSPECTIVE - PANEL DISCUSSION

, Panel Moderator. Paul Wuebben

PROPANE - INFRASTRUCTURE ISSUES FROM THE
RETAILERS' PERSPECTIVE

N. Homer
Amoco Canada

(Otherpresentationsmade during this Panel Discussion were unavailable at time of
printing)
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pROPANE -INFRASTRUCTURE, ISSUES FROM THE
RET/_ILEI_SPERSPECTIVE

PRESENTED TO THE
1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

TORONTO, JUNE 15, 1993

NORVAL HORNER - MGR. OF ENGINEERING, AMOCO CANADA

A 55-/sfA/v'_E F_n4.. __7"C_ _z _-_'uP ) 0

._ )_A_'_E C_/V. Z)_ET-r_,,_u7_P.._.
I

I. INTRODUCTIONAND HISTORY

2. TYPICAL AUTO PROPANE FILL STATION

3. DESIGN AND PERMITS

4. CONSTRUCTION AND OPERATION

5. MAINTENANCE AND PRODUCT QUALITY

6. OEM PRESENCE IN VEHICLES

7. SUPPLY

8. TRANSPORTATION/WHOLESALE INFRASTRUCTURE

9. PRICE AND CONCLUSIONS

,_,4._.E.>,C,_V -

L-"*"" ' E.c.g") ./yp -,-" I
+
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1. INTRODUCTION AND HISTORY

• CINDERELLA FUEL - MOST POPULAR
ALTERNATIVE FUEL IN CANADA AND U.S.

• RAPID GROWTH IN CANADA IN THE 1980 TO
1993 PERIOD.
- INCENTIVES ON CONVERSIONS (TO '84)
- INCENTIVES ON ROAD TAXES (DECLINING)

• IN 13 YEARS WE HAVE ACHIEVED:

___ 5000AU TO PROPANESTATIONS INCANADA_ 1 70,000 PROPANE POWEREDVEHICLES
- 1.3 BILLION LITRES/YR SALES TO VEHICLES
- ABOUT 4% OF GASOLINE'S SALES:

o NOTE HOLLAND HAS PROPANE
AT 13.5% OF TOTAL TRANSPORT
FUEL

• GROWTH DUE TO PROPANES ADVANTAGES
- ENERGY DENSITY 3/4 OF GASOLINE
- OCTANE RATING OF 100+
- NATIONAL PRODUCTION & PIPELINE

INFRASTRUCTURE
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2. TYPICAL PROPANE AUTO FILL,STATION

• ADD-ON TO A GASOLINE STATION

• USUALLY FULL SERVICE
- SELF SERVE REQUIRES TRAINING
- CARD LOCK OR KEY LOCK ALSO USED

• TYPICAL TANK VOLUME, 2000 GAL.

• SKID MOUNTED SELF CONTAINED DISPENSER

• PROPANE IS STORED AND DISPENSED AS A
LIQUID

• SAFETY SYSTEMS AND TRAINED PERSONNEL

. COST $40,000 ALL-IN

• DISTRIBUTOR USUALLY PROVIDES THE
FACILITY AND THE PRODUCT. THE STATION
OWNER GETS A GALLONAGE FIGURE.

• CURRENT AVERAGE SALES = 200,000 LITRES/YR

. COULD SELL 5 TIMES AS MUCH PER STATION
(1,000,000LITRES/YR)

f>Zo_A_I_ C'._LJLDB_ _,__d- ILA__ .LJ_r
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3. DESIGN ,,_.,.,_ _. _.ro_,_

• STANDARDIZED DESIGNS '_ 'A"C'";':r"__" ' "_c_,_EJ_-
• CGA B149 CODE _.c_ y_j '_ '
• PROPER TRAFFIC FLOW
. DECIDE ON ATTENDED VS CARDLOCK

APPROACH
• USUAL LIGHTING/SiGNAGE ISSUES
• USUALLY SKID MOUNTED- SIMPLE EQUIPMENT

STEEL TANK, STORAGE PUMP, CONTROLS AND
POWER
- 45 LPM DISPENSING RATE'___';"_ _,,.u_-_l"l.4.tF_..A.'__--_o LI,L__.

• SAFETY ASPECTS - COLLISION PROTECTION
- INTERNAL SAFETY CONTROL VALVE
- HIGH FLOW SHUT OFF
- AUTOMATIC SHUT OFF ON HEAT

PERMITS

• TANK AND OTHER EQUIPMENT MUST MEET A
VARIETY OF STANDARDS AND CODES
- IE. ASME, ELECTRICAL

• VARIOUS APPROVALS REQUIRED (ZONING,
BUILDING PERMIT, FIRE DEPARTMENT)

. IN ONTARIO - REQUIRE A PROVINCIAL
PROPANE TRANSFER FACILITY LICENCE

• TYPICALLY REQUIRES 4 - 6 WEEKS OF TIME
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4. CONSTRUCTION

• SIMPLIFIED DUE TO STANDARDIZATION - SKID
MOUNTED- ABOVE GROUND

. REQUIRES ONLY POWER CONNECTIONS,
FOUNDATIONS AND COLLISION PROTECTION

• CONSTRUCTION NORMALLY TAKES 2 WEEKS
. SITE INSPECTIONS - ELECTRICAL & FUEL

SAFETY

OPERATION

• NORMALLY ATTENDED VEHICLE INSPECTION
STICKER REQUIRED

• ALL ATTENDANTS RECEIVE PGAC 100-1
TRAINING
- 900 CERTIFIED INSTRUCTORS IN CANADA
- 14,000 PER YEAR ARE TRAINED

• UNATTENDED, IE. CARDLOCK OPERATION, WE
REQUIRE VEHICLE OPERATOR TO BE TRAINED

. FILL TO 80% OF TANK TO ALLOW EXPANSION
- HISTORICALLY USED A LIQUID LEVEL

VALVE
- NOW HAVE AN APPROVED AUTOMATIC

"STOP FILL"
• VAPOURS MINIMIZED DUETO CLOSED SYSTEM
. MINIMAL OPERATING COSTS - LOW POWER

REQUIREMENTS
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5. MAINTENANCE

• PROPANE IS DELIVERED BY BULK VEHICLES

. DISPENSING NOZZLES AND HOSE NEED THE
MOST MAINTENANCE

. PREVENTATIVEMAINTENANCESCHEDULES ON
BREAKAWAY COUPLERS," FILTERS, METERS
AND PUMPS - SEMI ANNUAL OR ANNUAL

PRODUCT QUALITY

• AUTO PROPANE, HD5 - NATIONAL STD OF
CANADA

• ALL PROPANE IN CANADA MADE TO THIS (SO IS
ALL RETAIL PROPANE IN THE U.S.)

. LIMITS ETHANE, BUTANE, SULPHUR, WATER
AND OIL STAIN

. POLYPROPYLENE LIMITED TO 5% (HURTS
OCTANE RATING)

. ODORANT ADDED

• NO OXYGEN, INHERENTLY NON-CORROSIVE

. CONSISTENT ACROSS NORTH AMERICA
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• BUSINESS HISTORICALLY BASED ON
CONVERSION FROM GASOLINE TO PROPANE.

. DOING BETWEEN 15-20,000 CONVERSiONS/YR
IN CANADA.

. COST $1800 BASIC PLUS $400 TO ADAPT TO A
CURRENT ENGINE FEEDBACK CONTROL.

• GM AND FORD MAKE FACTORY PREPARED
ENGINES DESIGNED FOR AFTERMARKET
CONVERSION TO PROPANE.

• FORD MEDIUM DUTY TRUCKS AVAILABLE FOR
PROPANE FROM MANUFACTURER.

. CHRYSLER $4.25 MM JOINT INDUSTRY/GOV'T
PROJECT TO BUILD A PROPANE AFV. GOAL IS
VANS AND/OR LIGHT TRUCKS AVAILABLE IN
1995.
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7. SUPPLY

• PROPANE IS IN SURPLUS IN CANADA
- CDN PRODUCTION IS 190,000 BBL/DAY
- EXPORTS ARE APPROXIMATELY 50%

. PROPANE IS IN BALANCEIN NORTH AMERICA
- U.S. PRODUCTION OVER 900,000 BBL/DAY
- PETCHEM DEMAND

• FOR COMPARISON (U.S. PRODUCTION):

METHANOL - 78,000 BBL/DAY (8.5%)
ETHANOL - 52,000 BBL/DAY (6%)

[
i

IP_.: "1_E.. (J, 5. P_.b_JC.F_S (,2.. T'IA_E% .A.-'_/_Ivc_

THE d,s'.A__o,_IF_..rP.c_bu_S 2_ "n_E._
A,IgC._ PR:C)PANE . _ .'-I_i,.,_.._EAl'l_._:_U,X:)r-...L,_

.P_bo c._o,,,.I _. A4,_'r"__X:)l.._ ./
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8. TRANSPORTATION & WHnLFS.aLB
INFRASTRUCTURF:

• THERE IS A NORTH AMERICAN WIDE PROPANE
STORAGE AND DELIVERY STRUCTURE
ALREADY IN PLACE.

. IN CANADA:
- MAJOR TRANSCONTINENTAL PIPELINES IN

PLACE FROM THE WEST TO ONTARIO.
TARIFFS OF 1 - 2.4 CENTS/LITRE.

- PRODUCTION AT REFINERIES
- THE STORAGE, DISTRIBUTION TERMINALS,

THE BULKTRUCKS ARE ALL IN PLACE.

. IN THE U.S.A.:
- OVER 800 GAS PLANTSPRODUCEPROPANE
- THERE ARE 31 FRACTIONATORS
- 150 MILLION BARRELSOF STORAGE (C3)
- TWENTY FIVE STATES SERVED BY

PIPELINE
- OTHERS SERVED BY INTERNAL REFINERY

OR GAS PLANT PRODUCTION



541

. CURRENT SARNIA WHOLESALE PROPANE
PRICE IS 11.6 CENTS/LITRE FOR PROPANE.

• CURRENT TORONTO PROPANE PUMP PRICE IS
29.9 CENTS/LITRE INCLUDINGTAXES (APRIL 27,
1993).

. CURRENT TORONTO GASOLINE PUMP PRICE IS
53.6 CENTS/LITRE INCLUDING TAXES.

. CHECK FINANCIAL PAGES FOR PROPANE
FUTURES AND UNLEADEDGASOLINE FUTURES.
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CONCLUSIONS

• PROPANE SUPPLY AND INFRASTRUCTURE WOULD
ALLOW CANADA TO TRIPLE EXISTING AUTO
PROPANE USE WITH VIRTUALLY NO INVESTMENT.

• OTHER LIQUID FUEL ALTERNATES REQUIRE:
- MASSIVE INFRASTRUCTURE INVESTMENT
- MASSIVE INVESTMENT TO EXPAND SUPPLY

. PROPANE IS INEXPENSIVELY RETAILED

i ..........
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

PANEL DISCUSSION: INFRASTRUCTURE ISSUES FROM THE RETAILERS'
PERSPECTIVE

Moderator: Paul Wuebben, 8CAQMD

Panel Members:
Dan Fong,CaliforniaEnergyCommission
JohnSpacek,CanadianOxygenatedFuelsAssociation
HerbertBumett,SouthernCaliforniaGas Co.
NorvalHomer, AmocoCanada

Aftershort presentationby each panelmember,questionswere permitted. Panel
memberrepliesare identifiedby namebelow.

Q. Paul Weubben, SCAQMD: What materials are used for methanol dispensing
nozzles?

A. John Spacek, We have been through several iterationswith nozzle materials.
Nickel plated aluminumhas been used for M85. Anotherchoice for M100 was
nickelplatedbrass or stainlesssteel. An all-steelversionwill also be tested this
year.

Q. Paul Weubben, SCAQMD: Is there a concern for moisture in natural gas,
especiallyin coldweather?

A. Herbert Burnett: There h_ve been problemswith freezingwhere water content
has been above 0.5 pound per millionSCF. We recommend filter-coalescers
and dryerson the suctionside of compressorsand non-lubricatedcompressors
to avoid oil contaminationof the gas. We also encourage a vigoroustesting
programfor contaminants.

Q. JoeWagner, NYSERDA: What isthe largesttransitbusfuelingfacility?

A. Herbert Burnett: We have two facilitiesfor busesthat have 80 gallonequivalent
tanks on board. Fuelingtime allowed is 10 minutesper bus. We deliver about
10 gallonsper minuteper hoseto a temperature-compensatedfill pointof 3000
psi and 70oF withinplusor minus2 percent. Buildingthe facilityis about a 12-
monthprocess. Marketdevelopmentmay take 2 to 3 monthsminimum. Design,
procurement,andconstructionrequire8 to 9 months. Permitscan add another2
to 3 months.
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

PANEL DISCUSSION: INFRASTRUCTURE ISSUES FROM THE RETAILERS'
PERSPECTIVE

Q. Anonymous: What type of driversare used on naturalgas compressors? And
whatare compressioncosts?

A. HerbertBurnett: Allof ourcompressorsare electric-driven.Compressioncosts
are about 30 cents per gallon, including power cost and other operating
expenses.

Q. Anonymous: What type of card system is used for access to methanol
dispensingstations?Willthischange inthe future?

A. Dan Fong: The oilcompanieseach havetheir owncards. There may be a move
to a single card for all seven companies. That would depend on increased
demandto justifysoftwaredevelopmentto use bank-typecards.

Q. Anonymous:What use is madeof mobilenaturalgas dispensingequipment?

A, Herbert Burnett: We use mobile refueling systems as means to start a
developingstation. Customerstypicallystart with a small portion of their fleet
dedicated to natural gas. We can provide a cost effective systems with a
portabletrailerand a lowercoststationwithoutcompressionto provideupto 250
gallonsper day.

Q. LoisBennett, General Motors: What actions are in progressto adopt standard
connectorsfor refuelingnaturalgas vehicles?

A. Herbert Bumett: The AmericanGas Associationcommitteesare workingonthis
subject. A draft documentis expectedby the endof 1993 that willincorporate
overpressureprotectionfor varioustypeof fittings.
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SESSION 5: NEW INITIATIVES IN R & D

Chair:. Matthew Bol, Sypher.Mueller
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

DEVELOPMENT OF A PORT-INJECTED M100
ENGINE USING PLASMA JET IGNITION AND

PROMPT EGR

D.P.Gardiner,V.K.Rao,M.F. Bardon
Royal Military College of Canada

V. Battista

Transport Canada
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DEVELOPMENT OF A PORT-INJECTED M100 ENGINE
USING PLASMA JET IGNITION AND PROMPT EGR

D.P. Gardiner, V.K. Rao, M.F. Bardon

Royal Military College of Canada, Kingston, Ontario

V. Battista

Transport Canada, Ottawa, Ontario

....C.......... 2_?..... :::........ L;L_............. .'.'.

COLD STARTING MECHANISMS FOR S.I. ENGINES

Port-Injected Engine: Spark ignition of vaporized fuel

Spark Ignited DISC Engine: Spark vaporization/ignition
of liquid fuel droplets

PROVIDING FUEL VAPOUR AT-30°C

• < 10% of gasoline or M85 will vaporize at -30°C
• Injecting > 10 times the stoichiometric fuel

quantity can enable starting
• > 90% of the fuel is wasted

M85 EMISSIONS

"Formaldehyde emissions increase
in proportion to the amount of
mixture enrichment"

Iwachidou and Kawagoe, 1988



549

M 100 COLD STARTING

• M100 (neat methanol) contains no "light ends"

• Overfuelling is not effective for cold starting

AC spark /._ _!ii!iiiiiiilJ

Fuel droplet _ _:iiiiiiiii!ii!iiiiiiiiJ

Vapour formation , _: ,............

Vapour ignition

SPARK VAPORIZATION WITH THE DISC ENGINE (JORGENSEN, 1988)
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Injection nozzle

PLUG

air
swlrl

\,

static
flame front

SPRAY COMBUSTION IN THE DISC ENGINE (LEWIS, 1986)
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......... .....

SHELLMACHINEDFOR..

: CYLINDERHEADCLEARANCE
:

CAVITYFILLEDWITHRTV_
ANDVENTSEALED

:
b

COPPERWASHERS

STEELSPACER
TIPMACHINEDFOR14mm
AUTOMOTIVESPARKPLUGTHREAD

HIGH VOLTAGE RECESSED GAP IGNITOR

a b

AIR-GAP SPARK PLUG (a) AND OPEN CAVITY
PLASMA JET IGNITOR (b)
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1. Plasma Jet Ignition (PJI)

2. Prompt EGR Using Exhaust Charged Cycle (ECC)

THE EXHAUST CHARGED CYCLE (ECC)

ECC LOBE_

i-i,. r

•";;vT."'" '.";:,'_."ii;_"_''I;.:.._;._ -- INLET STROKE :.U.. ,.,:-.'l
,...% _ ', . ' "t, . I

0 0
i

!

_1/f _' _ COMPRESSION STROKE....--....
%,,,
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COLD STARTING HYPOTHESIS FOR PJI/ECC

1. First fire achieved by PJI through spark vaporization
mechanism

2. Transition to prevaporized combustion mode achieved by
ECC through hot product recycle

2000

-30"c
1500

-22°C

1000
RUN

l l m m m l m m m l l l m

500 TRANSITION

CRANK
0

0 5 10 15
Time (s)

TIME TO RUN AND IDLE WITH M100 PJI/ECC
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1600 | .......Engine Speed' "'"'"'' ' ''"'" ' "'"'MI00""'""'"'" '

"B 1200 t RUN
,_ M I00 PJIIECC at -300C

i 800 -- -- -- -- -- -- -- -- -- --
TRANSITION

400 ............

CRANK
0

0 5 10 15 20 25 30
1600

Engine Speed MS$ LIC
M85 LIC at -29"C

._ 1200 (Kirwan & Brln
gl

,_ RUN

_ 800 .............. TRANSITION
u_ 400 ..........

CRANK
0

0 5 10 15 20 25 3
Engine Revolutions from Start of Crank

CRANK-TO-RUN BEHAVIOUR

60
Injected Equivalence Ratio

O.- 50
M85 LIC at .290C assuming 60% vol.eff.

40 (Kirwan & Brinkman)

30 MI00 PJI/ECC at .30°C

--_ - using measured vol.eff... 20 - assuming 60% vol.eff.

1o
0

0 5 10 15 20 25 30

Ensine Revolutions from Start of Crank

CRANKING EQUIVALENCE RATIO
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4tNN)

,, /

I11(1maul

_. First Fire

= 75,qa,m

el,%

25

IIDC 71 0

Crank Position

CYLINDERPRESSUREDATAFROM-30°C COLD STARTTEST

J

3(XH)

= First Fire
'- IO0

. ,u,,o

" 75

50 ,,_

lid _ BDC 0

Crank Position

CYLINDER PRESSURE DATAFROM-22°C COLD START TEST
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BDC " 0

Crank Position

CYLINDER PRESSURE DATAFROM-20°C COLDSTARTTEST
WITH HIGH CRANKINGSPEED

2500 ....................................................................

1500 . .

i "iiii_iiii'iiiiii'ii'iiiiiii"iiiiiiiiiiiiiiiiiiiiiiiii'iii iiiiiii'iiii 'iiiiiiiiii1000 ........ , ...........

Z
W
;_ SO0 ................................................_....

0 ............. tl
-90 -45 0 45 90

CRANK ANGLE (deg. from TDC compression)

CONSECUTIVE CYCLES FROM STABLERUNNING
AFTER STARTINGAT-20°C
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20
Combustion Chamber
Surface Temperature

10
_,, ._t---UNSTA BLE ST A BL E---tI_

,., 0
t_

t- -10 -22"C test

.20

-30 .W---- UNSTABLE UNSTABLE
-300q test

-40
0 20 40 60 80 100

CYCLE NUMBER

ENGINE TEMPERATUREDATA FOR M100 PJI/ECC
COLD STARTINGTESTS AT-30°C AND-22°C

CONCLUSIONS

1. Proof of concept performance: Cold
starting at -30°C, 5s crank-to-run.

2. Cold starting performance compares favourably to
M85 blends using full boiling range gasoline.

3. Fuel/air equivalence ratios required for cold
starting are 10-30%of typical M85 values.

4. Exceptionally good combustion stability achieved
following sub-zero cold starts.

WORK IN PROGRESS

1. Use of external EGRto reduce fuel consumption.

2. Use of Plasma Jet Ignition and Prompt EGRto
increase tolerance to external EGR.

IIII I i
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

DEVELOPMENT OF A PORT-INJECTED M100 ENGINE USING PLASMA JET
IGNmON AND PROMPT EGR
D.P. Gardlner, V.K. Rao, and M.F. Bardon, Royal Military College, Kingston,
Ontado, V. Battlsta, TransportCanada,Ottawa,Ontado

Q. Robert Siewert, General Motors: Have youtriedto start usingthe plasmajet only
withoutthe promptEGR?

A. Experiments at the Universityof Alberta tested with the plasma jet only and
managed to start the engine at minus15oC. They had to crank longerthan we
liketo do, and it did not runsmoothly. We beganourwork with promptEGR on
gasolineand on methanol;the plasmajet was added later.
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1993 WINDSOR WORKSHOP ON AL_RNATIVE FUELS

VISIBILITY OF METHANOL POOL FLAMES

O.L. Oiilder, B. Olavln6evskl
National Research Council Canada

V. Battista

Transport Canada



JVISIBILITYOFM THANOLPOOLFLAMESI

Ol In • V
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Combustion & Fluids Engineering, M-9
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Ottawa, Ontario, Canada
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V. Battista
Road Safety and Motor Vehicle Regulation

Transport Canada
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1993 Windsor Workshop on Alternative Fuels
Funding: PERD Committee 5.5, Transport Canada, and NRC



IPROBLEMI

• Very low luminosity of a methanol diffusion flame
represents a potential safety issue

• In hydrocarbon diffusion flames, soot particles
are formed as a result of pyrolysis and observed _
as an intense yellow radiation

• Methanol pyrolysis does not produce any soot,
and hence methanol poool flames burn with a
faint blue colour of very low visibility

• This decreases the likelihood of a fire being no-
ticed immediately



Wavelength, tx m

, 1



lWHYMETHANOLDOESNOTSOOT?]

• No clear answer backed by experimental evi-
dence

• The reason for this is a lack of a basic under-
standing of soot formation mechanism in hydro- _
carbon flames

• Soot Formation Mechanisms in Flames:

- neutral species condensation reactions

- chemPions are dominant in forming soot pre-
cursors
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POTENTIALANSWERS

• During pyrolysis, almost all methanol dissociates
into carbon monoxide and hydrogen. Very small
amount of acetylene(s) formed

In hydrocarbon pyrolysis, a lot of lower hydro-
carbons especially acetylenes and olefins are
formed

• Due to existence of oxygen atom in fuel structure
OH radical is readily formed, and can oxidize any
potential soot precursor



JEXPERIMENTALWORKJ

• Laminar diffusion flame experiments: SOOT

- Methanol and air are heated to 673 K to ele-
vate the flame temperature

- Methanol hydrocarbon blends ==
O't

- Methanol with additives

• Pool flame experiments: RADIATION

- Two different pool flames: 0.1 m & 0.3 rn di-
ameters

- Methanol with additives



PD I" Total Radiation Detector
PD2: Visible Radiation Detector

POOL FLAME PD3: Radiation Feedback to Fuel Surface
Saphire CCD: Charged Coupled Device
Windows
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Schematic of the pool flame bumlx_ rig
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INON-HYDROCARBONADDITIVES"zl
II II I I II Illll I I Jill I .. _

• Ten compounds of Group 5 and 6 elements:

- expected to have some influence on carbon
chemistry during pyrolysis and oxidation of
hydrocarbons .,j

C)

- some of these additives (1000 ppm to 1.2% in

.methanol) provided significant improvement
in luminosity in diffusion flames

- Laser extinction measurements in these
flames showed no sign of soot. Observed
luminosity is due to gaseous emissions



i IJNON-HYDROCARBONADDITIVES-II

• Three of these ten compounds yielded promising
results

• At 0.5 to 1.2% level, measured visible flame lu-
minosity of the pool flames is comparable to the _
luminosity of M85

• These additives leave some residual material
l
i

• These additives may not be suitable for catalytic
converters



NON-HYDROCARBONADDITIVES Illl

• Ferrocene:

- 0.5 to 1% addition colors the methanol flame

- No evidence of soot formation in diffusion
flame

- Pool flame visibility significantly improved

- Leaves residual material



iHYDROCARBONADDITIVESi

• Narrowed to one from more than one hundred

• MVE3 consists of several hydrocarbons:

- none of the cGmponentsaromatic
Co

- 4% MVE3 provides luminosity comparable to
M85

- MVE3 initiates soot formation in pool flames

- Luminosity enhancement of MVE1 lasts for
the full burning period in both sizes of pool
flames
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

VISIBILITY OF METHANOL POOL FLAMES
_).L. GLilder,B. Glavin_,evskl,National Research Council Canada

Q. Norman Brinkman,General Motors: Can youtell us the compositionof MVE-3?
Does itcontainanytriplebonds?

A. I cannot say because the productmay be licensedand marketed. It does not
containacetylenes,and itsspecificgravityis similarto gasoline.

Q. Anonymous:Does the additiveformsoot?

A. Yes, itdoes.

Q. Alex Lawson,AlexLawsonAssociates: Iwouldsuggestengineteststo measure
emissions.

A. That is partof the plan.

Q. Vinod Duggal,CumminsEngineCo.: Does it helpincoldstarting?

A. I am notsure, but itprobablydoes not.

Q. Matthew Bol,Sypher:MuellerInternational:DOyou havean estimateof cost?

A. Abouttwocentsper liter.
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Targets

• Reduce ignition delay and combustion duration

• Increase heat release

U1

• Extend lean flammability limit

• Increase thermal efficiency

• Reduce emissions, emphasizing NOx

ORTECH



Objectives

• Evaluate the effect of turbulence generating jets on ignition
delay and heat release in a single cylinder NG fueled engine.

• Implement most effective approaches for fast burn on a
single cylinder L10 NG engine.

• Implement the best technology on a multi-cylinder L10 and
develop a control strategy for transient evaluation.

. Explore the potential of high BMEP (~ 250 psig)/low NOx
combination.

ORTECH



Technical Approach

PHASE I: Evaluate effects of fast burn technology on a single
cylinder Ricardo Hydra Engine.

PHASE II: Select the most promising configurations and
test them on a single cylinder LIO engine

PHASE III: Document the benefits of fast burn combustion
technology on a multi-cylinder LIO engine

ORTECH
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THC Emissions vs LAMBDA
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NOx Emissions vs LAMBDA
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Fast Burn Combustion
Chamber Parameters

Engine Configurations Swirl Ratio Squish Ratio

Stock L10 240G quiescent chamber 0.51
Stock L10 240G + swid plates 2.5:1 0.51
#1 Squish quiescent chamber 0.75
#2 Squish not available 0.75
#2 Squish + swirl plates not available 0.75

ORTECH



MBT vs. LAMBDA
MBT (Deg. BTDC) Single Cylinder L10
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Efficiency vs. LAMBDA
Efficiency ( % ) Single Cylinder L10
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NOx Emissions vs. LAMBDA
NOx (g/hp-hr) Single Cylinder LIO
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THC Emissions vs. LAMBDA
THC ( g/hp-hr ) Single Cylinder L10
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NOx vs. THC @ Various LAMBDA
2100 rpm, 120 kPa MAP, MBT Timing
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Lean Limit
2100rpm, 180kPa MAP,21%efficiency

1._-_

1.64-

1 t 1 1 I

B_etine Baseline+ Swirl #1 SqJsh #2 SqJsh #2 SqJsh + S_rl

Engir_ _igJrdion

ORTECH



Ignition Delay & Combustion Duration
2100 rpm, 120 kPa MAP, 1.55 Lambda @ MBT
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Single Cylinder Results

• Less advanced MBT spark timing

Reduced ignition delay

• Reduced combustion duration
U1

• Extended Lean Limit

• Increased efficiency

• NOx reduction through leaner operation and less spark
advance

• Good correlation between the Ricardo Hydra and L10 single
cylinder engine data

ORTECH



NOx vs. THC
Multi-cylinder LIO
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NOx vs. Efficiency
Multi-cylinder LIO
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Multi-cylinder L10 Results

• THC is primarily a function of air/fuel ratio except near the
lean flammability limit.

• The leaner the mixture, the greater the effect spark timing
has on engine efficiency.

• NOx is sensitive to spark timing at richer air/fuel ratios; at
leaner air/fuel ratios, retarding spark timing is ineffective in
NOx reduction.

• The L10 was able to achieve 300 HP @ 2100 rpm and 250
psig BMEP.

• Two calibrations were developed ( 240 HP and 300 HP ) and
evaluated using a non-motoring transient test schedule.

ORTECH



EmissionsSummary

(g/hp-hr) CO NOx NMHC Part.

1994 CARB Standard 15.5 5.0 1.2 0.10
(diesel derived engine)

Proposed 1994 EPA 15.5 5.0 1.1 0.10
Standard

Fast Burn 300 hp 1.78 1.28 0.55 0.025
without a catalyst
(avg. non-motoring)

Fast Burn 240 hp 1.87 0.95 0.54 0.019
without a catalyst
(avg. non-motoring)

ORTECH



Conclusions

1. Fast burn combustion technology ( squish and swirl )
allowed the engine to operate up to 11% leaner, while
maintaining the same efficiency.

2. Increased squish and swirl in the combustion chamber
retarded the MBT timing.

3. NOx can be reduced while maintaining efficiency and THC
emission levels, through leaner mixtures and the retarded
spark timing achieved by a combination of squish and swirl.

ORTECH



Conclusions

4. Leaner mixtures and reduced spark advance increased the
knock margin of the engine, allowing the LIO to be operated
at a higher BMEP

O_
C>
}_l

5. In-cylinder turbulence created by squish and swirl can
improve efficiency by as much as 24%.

ORTECH
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Objective:

comparative study between natural gas and
gasoline fueling of an engine representative
of current light duty vehiQle, high specific _
output, design practice, o



4 cylinder

1998 cc displacement

_0:1 compression ratio_ o_ %._.%
Pent roof combustion chamber with

central spark plug,

DOHC, 4 valves/cylinder



Gasoline:

closed-loop, sequential, port
fuel injection.

Natural Gas- o• c_

closed-loop carburetion, air valve type
mixer.

venturi type mixer was used for WOT.



GASOLINE / NATURAL GAS COMPARISON
Nissan SR2ODE, 2000 rpm, MBTtiming



Little difference in spark advance due to the
dominating effect of fluid dynamics on the

o

combustion process.



EFFECTOF COMPRESSIONRATIO
Nissan SR2ODE, natural gas, 2000 rpm
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Fa,EL COMPARISON
Nissan SR2ODE, 2000 rpm, 29.4 N-m
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For similar spark timing, the lower flame

temperature of natural gas produces less NO..

Adiabatic Flame Temperatures in Air:

Methane 2236 K

Isoocatne 2302 K
Benzene 2365 K



Effect of Compression Rotio
Nissen SR2ODE, Neturel Ges, 2000 rpm, 58.9 N-m
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FUEL COMPARISON
Nisson SR2ODE, 2000 rpm, 29.4 N-m
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Sources of Hydrocarbon Emissions :

1. Crovluex.

- dependent on spark timing

- dependent on fuel type
C_

2. Oil layer

- independent of spark timing

- dependent on fuel type

- enhanced by liquid fuel



FUEL COMPARISON
Nisson SR2ODE, 2000 rpm, 29.4 N-m
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Gasoline Hydroaarbon Sources:

1. Creviael.

2. Oil layer.

Natural Gas Hydroaarbon Sources:

Oil layer mechanism virtually eliminated
because of low solubility of methane in oil.

1. Crevices.



Effect of Compression Ratio
Nisson SR2ODE, Neturol Gos, 2000 rpm, 58.9 N-m
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EFFECTOF COMPRESSIONRATIO
Nissen SR2ODE,Noturel gos, 2000 rpm.

2300



GASOLINE/ NATURALGASCOMPARISON
Nisson SR2ODE, 2000 rpm, MBT timing



Improved efficiency with natural gas:

- combustion product composition
increases ratio of specific heats.

_J

- lower emissions of HC and CO carry o
away less energy.

- lower tenq0eratures and heat losses.



Effect of Compression Retio
Nissan SR2ODE,Natural Gas, 2000 rpm, 58.9 N-m
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Effect of Compression Rotio
Nisson SR2ODE, Noturol Gos, 2000 rpm, 58.9 N-m
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Effec t of Compression Rotio
Nisson SR2ODE, Noturol Gas, 2000 rpm, 58.9 N-m, MBT
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Effec t of Compression Rotio
Nisson SR2ODE, Noturol Gos, 2000 rpm, 58.9 N-m
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WOT Torque Comparison.
fuel CR torque _ spark timing percent of 10.0

CR gasoline torque
r

20(_ rpm
gasoline 10.0 149.5 N-m I. 16 20° BTDC -
natural gas 10.0 130.0 N-m 1.05 23° BTDC 87.0
navaral gas 11.5 134.2 N-m 1.05 20° BT[_ 89.9 o_

4800 rpm
gasoline 10.0 167.7 N-m 1.18 23° BTDC -
natural gas 10.0 142.4 N-m 1.06 23° B_ 84.9
natural gas 11.5 147.0 N-m 1.05 18° BTDC 87.7
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CONCLUSIONS

Increasing compression ratio yields:

- Higher hydrocarbon emissions because of reduced oxidation
late in the expansion stroke.

- Less spark advance required for MBT timing

- At MBT spark timing, NOx emissions with 11.5:1 compres-
sion ratio are less than or equal to NOx emissions at 10.0:1
compression ratio.
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

EFFICIENCY VS. EMISSIONS TRADEOFF WITH INCREASING COMPRESSION
RATIO IN A LIGHT DUTY NATURAL GAS-FUELED ENGINE
Hannu E. Jaaseklalnen and James S. Wallace, University of Toronto

Q. William Liss,Gas ResearchInstitute: Would it be feasibleto advance the spark
timingin order to regain someof the power lost by convertingfrom gasolineto
naturalgas?

A. Yes, that would increase power, but it would also adversely affect the NOx
emission.

Q. Questioninaudible.

A. I think we had 3 to 6 percent better energy consumptionby changing from
gasolineto naturalgas.
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Exhaust Emissions and Fuel Economy
of Transit Buses -

Chassis Dynamometer Test Results

Presented to the
1993 Windsor Workshop
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Presenter: Dr. Toros Topaloglu
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PURPOSE

To inform the 1993 Windsor Workshop attendees
of recent measurements of the exhaust emissions
and fuel economy characteristics of CNG,
Methanol, and Diesel (with and without particulate
traps) powered transit buses.

Ontario TRANSPORTATION TECHNOLOGY & ENERGY BRANCH



BACKGROUND

• Ontario transit systems are demonstrating:

- CNG (75 buses in Hamilton, Toronto, and Mississauga)
- Methanol (6 buses in Windsor)
- Diesel (8 buses in Ottawa)

particulate traps _=

• The Ministw of Transportation of Ontario is the overall
coordinator of the program

_ (_ TRANSPORTATION TECHNOLOGY & ENERGY BRANCH J

Torolla_l..4l_O07Pdlnuq_



BACKGROUND (cont'd)

i • The program enjoys the enthusiastic participation of:

- Energy, Mines, and Resources Canada
- Environment Canada

- Ministw of Environment and Energy Ontario
- Bus, engine, and component suppliers

o_

- Fuel and fuelling system suppliers
- Industw associations

• The program includes a chassis dynamometer exhaust
emissions and fuel economy test component which is

being conducted at Environment Canada

Ontario TRANSPORTATION TECHNOLOGY & ENERGY BRANCH



SCOPE OF TEST PROGRAM

• Test buses representative of each new technology and

compare them with corresponding baseline diesels under
"identical" conditions

• Repeat testing over a substantial portion of useful bus life

to assess long-term performance

• Measure exhaust emissions of:

- Particulate matter (PM) - Carbon dioxide (CO2)

- Oxides of nitrogen (NOx) - Formaldehyde (HCOH)
- Carbon monoxide (CO) - Cor_nyls (RCOH)

- Hydrocarbons (HC)

Ontario TRANSPORTATION TECHNOLOGY & ENERGY BRANCH
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CENTRAL BUSINESS DISTRICT
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ONE SEGMENT OF THE CENTRAL BUSINESS DISTRICT CYCLE
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NEW YORK BUS CYCLE
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SCOPE OF TEST PROGRAM (cont'd)

• Assess effects of ddving cycle:

- EPA Heavy-Duty Test Cycle (HDTC)
- DOTIFrA Central Busine,_ Distdct C_cle (CBD)

-- New York Bus Cycle (NYBus)

- New York Composite Cycle (NYComp)

• Assess effects of bus weight:

- 26,000 to 33,(P00Ib for 40-ft buses

o.tn TRANSPORTATION TECHNOLOGY & ENERGY BRANCH

lre,mal_e_



SCOPE OF TEST PROGRAM (cont'd)

• Buses included in test program:

- Ontario Bus Industries (OBI) 40-ft CNG powered buses with

Cummins L-10 engines and oxidation catalysts

- Motor Coach Industries (MCl) 40-ft methanol powered buses
with Detroit Diesel 6V-92TA engines a_ oxidation catalysts

- MCl and OBI 40-ft and 60-ft buses with DDC 6V-92TA,

DDC 6V-71NA, DDC 6L-71T, and Cummins N-10 diesels and
Donaldson particulate traps

- OBI and MCI baseline buses

Ontario TRANSPORTATION TECHNOLOGY & ENERGY BRANCH



RESULTS OFTHE PROGRAM

• To-date a large number of tests have been completed with
each technology

• Test program will continue for several years to provide a
more complete assessment

e Presentation will be limited to representative results with

low-mileage or new 40-t_ buses

Ontario TRANSPORTATION TECHNOLOGY & ENERGY BRANCH

TwmW.4_mulm_



COMPARISON OF FUEL/ENGINE/BUS TECHNOLOGIES
(40-ff bus; 33,000 Ib inertia weight; CBD cycle)

Two-stroke Four-stroke Methanol CNG
Diesel Diesel

PM (g/mile) 3.32 3.02 0.29 0.12

NOx (g/mile) 20.36 23.90 11.69 10.26

CO (g/mile) 20.85 27.33 13.02 0.03 =
¢=.

HC1 (g/mile) 0.79 1.43 2.77 0.02

FE 2 (m/usgal) 2.96 3.57 3.09 3.74

1 for CNG, non-methane hydrocarbons (NMHC)
for Methanol, organic matter hydrocarbon equivalent (OMHCE)

2 Diesel equivalent fuel economy in mile/US gallon

Ontario TRANSPORTATION TECHNOLOGY & ENERGY BRANCH
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RESULTS WITH PARTICULATE TRAPS
(40-ft bus with DDC 6V-92TA; 32,000 lb inertia weight; CBD cycle)

WITHOUT TRAP WITH TRAP

PM (g/mile) 2.47 0.38

NOx (g/mile) 23.28 25.73
Cr_
¢=

CO (g/mile) 18.36 25.72

HC (g/mile) 2.44 2.17

FE (m/usgai) 2.74 2.80

Trap efficiency (%) 85

OntarioTRANSPORTATION TECHNOLOGY & ENERGY BRANCH

Torol_3-41-,O471Mrk.sp



EFFECT OF DRIVING CYCLE
(40-ft bus with DDC 6V-92TA; 33,000 Ib =nertia weight; CBD cycle)

HDTC1 CBD NYBUS

PM (g/mile) 2.18 3.32 4.79

NOx (g/mile) 12.85 20.36 51.89

CO (g/mile) 7.56 20.85 57.23

HC (g/mile) 0.53 0.79 2.01

FE (m/USgal) 3.92 2.96 1.50

1 Warm-start cycle

Ontario TRANSPORTATION TECHNOLOGY & ENERGY BRANCH
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EFFECT OF INERTIA WEIGHT
(40-ft bus with CNG engine; CBD cycle)

26,000 Ib 33,000 Ib
INERTIA INERTIA

PM (g/mile) 0.09 0.12

NOx (g/mile) 6.83 10.26 =_
Ln

CO (g/mile) 0.01 0.03

NMHC (g/mile) 0.00 0.02

FE (m/usgal) 4.16 3.74

Ontario TRANSPORTATION TECHNOLOGY & ENERGY BRANCH
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CONCLUSIONS

° New and emerging technologies offer major exhaust
emissions improvements relative to the "standard" diesel

• CNG powered buses appear to approach the status of zero

emission vehicles with respect to all regulated emissions,
except NOx =o_

The fuel economy of the CNG bus with the Cummins L-IO
engine is comparable to its diesel conterpart at the same
inertia weight and under identical driving conditions

Ontario TRANSPORTATION TECHNOLOGY & ENERGY BRANCH



CONCLUSIONS (cont'd)

• The Donaldson particulate trap achieves an 85% trapping
efficiency under typical bus driving conditions

. The bus duty cycle has a profound impact on fuel economy
and exhaust emissions with all technologies

• The weight of the bus has a major effect on fuel economy and
exhaust emissions

i

. The test program will be continued to provide a better
assessment of the long-term potential of emerging
technologies

Ontario TRANSPORTATION TECHNOLOGY & ENERGY BRANCH
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

I

EXHAUST EMISSIONS AND FUEL ECONOMY OF TRANSIT BUSES - CHASSIS
DYNAMOMETER TEST RESULTS
T. Topaloglu, D. EIIIott, J. Turner, D, Petherlck, and C. Kaskavaltzls, Ministry of
TransportaUon of Ontario

Q. Dan Fong, California Energy Commission: Were the engines certified, and to
whichstandard?

A. The diesel engine was certified to the U.S. EPA standardand the CNG engine
was certifiedessentiallyidenticalto the CARB standard.

Q. Anonymous:Wouldyouclarifythe heavydutycycle?

A. The heavy duty test cycle is firstdrivenfrom a cold start and is repeated with a
hotstart. The test resultsreportedwere forthe hotstart portiononly.
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CARS AND CUMA TE CHANGE

EXECUTIVE SUMMARY I

The transport sector is an essential element in the process of creating and consuming wealth.

Popularisation of the motor car in particular has been important in the process of industrialisation and

economic growth. At the same time there is an emerging consensus among OECD governments that

policies are required to address some of the adverse social and environmental effects of motor vehicles.

Traffic can be detrimental to quality of life, especially in cities, ihrough the risks, noise and air pollution

it causes. Vehicles are also a major source of greenhouse gas emissions. In the context of continuing

growth in car use, stabilisation of the emissions poses a major challenge.

Cars and Climate Change contributes to the analysis of the technical potential, economic potential and

market potential for emission reduction in the transport sector through increased efficiency and fuel

substitution. The car market and its related fuel supply and infrastructure systems are examined, along

with policies that might effect beneficial changes in the market.

Energy Use and Emissions

Energy use in OECD transport nearly tripled between 1960 and 1990. The growth rate for emissions of

carbon dioxide (CO 2) was virtually the same, though other transport emissions have been decreasing. I

Transport, including international marine bunker fuel use, is now responsible for more than one-third of

OECD final energy use. It is the largest final energy use sector and the share is growing. It is also the

sector that has been the least responsive to policy makers' attempts to encourage energy efficiency and

fuel flexibility.

Over the last 20 years, all transport modes except seagoing ships carried increasing levels of passenger

traffic. The increase in rail and bus travel has been slight, and most of the additional land-based travel

is by car. Of the passenger transport modes, air travel, which has the highest energy use and greenhouse

gas emissions per passenger-kilometre, has increased fastest. Its growth rate is matched by that of road

freight traffic. Air travel and road freight, which are causing increased concern in terms of both energy
use and the environment, will be the focus of future IEA studies.

1 Extract from: International Energy Agency; Cars and Climate Change. OECD, Paris 1993.
(61 93 02 1) ISBN 92-64-13804-8.

g :wpdocs_transporkexec-lm 6/6/93
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Of the land-basedpassenger transportmodes, car travel is the most energy intensive. At typical seat

occupancy levels, buses and trains use less energy per passenger-kilometre. Gasoline-powered cars, in
aggregate, consume more energy than any other type of vehicle, and produce more greenhouse gas
emissions.

Reducing Greenhouse Gas Emissions from Cars

For this study the lEA has used a life-cycle emission model that takes into accountupstream emissions

in considerable detail. Fuel supply is analysed, including raw material extraction, transport,processing
and fuel distribution. Similarly, the model calculates emissions in vehicle production, from raw material

extraction,transportand processing to vehicle manufacture. The model can be usedto examine the effects
on emissions of vehicle and engine design, of switching to alternativefuels and of using electric vehicles.

The model also takesaccount of emissions otherthan COs, weightingthem accordingto their greenhouse

forcing_and how long they stay in the atmosphere.

About 72% of greenhouse gases fromcars are emittedfrom the tailpipe duringvehicle operation; 17-i8%

of car life-cycle emissions arise from fuel extraction, processing and distribution; a further 10%come

from vehicle manufactures. For cars with below-average annual kilometrage, the emissions in vehicle

manufacturebecome more significant as a proportionof life-cycle emissions. The reverse holds forcars
with above-average kilometrage.

Exhaustemission control devices areexpected to be installed on most carsthroughouttheOECD by about

2005. Catalytic converters reduceemissions of carbon monoxide, volatile organic compounds (VOC) and
nitrogen oxides (NO,). However, they increase emissions of COs and nitrous oxide (NsO).

Greenhouse gas emissions can be reducedthrough:

• Energy efficiency Improvements, Lower fuel use -- for example, as a result of

improved aerodynamic design -- can reduce emissions throughout the fuel and vehicle

life-cycle.

, Fuel switching. Alternativeenergy carrierscan result in lower life-cycle CO, emissions

because they contain less carbon, or because they contain carbonabsorbedby plants from

the atmosphere. Some alternative fuels can give higherengine efficiency than gasoline.
Life-cycle analysis is particularly important in examining the potential benefits of
alternative fuels.

! Effectonglobalradiativebalanceperunitmass.

2 Emissionsofchlorofluorocarbons(CFCs)andemissionsassociatedwithvehicledisposalvarywidelybetweencountries
andarenottreatedinthisreport.
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These two measurescan complement each other. Improvementsin gasoline vehicle design are clearly

applicableto most alternative-fuel vehicles. Similarly, the vehicle design improvements that will be

necessarytodevelopa viableelectricvehiclecanbe usedingasolinevehicleproduction.

Energy Effldency Improvements

TechnlcalPotentlal,Technologyisavailablethatwouldimprovecarfueleconomy by a factorofthree

or more. Thiscouldnotbe done withoutreducingperformanceorraisingcosts,however.Few ofthe

resultingcarswouldbe competitiveintoday'smarket.

F_onomlc Potential. Analysis of the energy efficiency distribution of the current fleet can be used to

indicate the economic potential for energy efficiency improvements: the fuel economy that would be

achieved if car purchasers were to choose the model that satisfies their needs at the least overall cost.

Studies in the United States and the United Kingdom indicate that the economic potential is probably at

least 20% better than the current average fuel economy,

Market Potential, Many analysts have attempted to identify the market potential for fuel economy

improvements -- that is, the improvement that the market will produce without additional intervention,

This can be done by:

• making techno-economic assessments of changes that do not affect vehicle size,

performanceor comfortlevel;

• mappingtheenergyefficiencydistributionofcarscurrentlybeingpurchasedandusingthe

top10% or20% toindicatethepotentialforthefleetasa wholeoverthenexttento20

years;

• using macroeconomic models to generate scenarios of the future that include energy

efficiency indicators as an output.

All these approaches suggest that fuel economy may improve by 10-20% between now and 2(X)5.

g:wpdocs_tranJpor_exec.tm 616/93



653

AlternativeFuels

Some alternativefuels-- diesel,LPG iandCNG 2,forexample-- canbe producedwithlessprocessing

thangasolinefromcrudeoil.Syntheticfuelssuchasalcoholsgenerallyrequiremore energyand more

capital-intensiveplantforprocessing.SwitchingfuelsgenerallyresultsinlowertailpipeemissionsofCO 2

and pollutantsbutmay resultinhigheremissionsfrom fuelsupply.Where alternativeliquidfuelsare

producedfrom gasor coal,life-cyclegreenhousegasemissionscanexceedthosedue to gasolineuse.

Fuelsfrom biomassor otherrenewablesourcescan in principlehave zero life-cycleemissions.

Manufacturingofvehiclesusinggaseousfuelsthatrequireheavycylinders,orelectricvehicleswithheavy

batteries,involvesmore energyuseandemissionsthanthatofmore conventionalcars.

TechnicalPotential,FigureI showsanexampleofthecalculationoflife-cycleemissionsfora variety

ofalternativefueloptionsforuseinNorthAmerica.The optionscanbe dividedintofourmain groups:

• Fuels which offer little or no greenhouse gas abatement but may be attractive from the

perspective of other areas of government policy Synthetic liquid fuels using fossil fuel

inputs, including some biomass-derived fuels, fall into this group, as do CNG used in

existing vehicles (not shown in the graph) and electric vehicles using power from some

existing generationmixes;

• Alternatives available now, or expectedto become available by 2005, includingdiesel,

LPG, CNG in optimised engines and electric vehicles using power from existing

generationmixes; theseoptionscan reducegreenhousegas emissionsby IO-25%;

• Synthetic fuels from wood or other low-input biomass feedstocks, which are not yet

technically demonstrated but could offer 60-80% greenhouse gas abatement;

• Fuels derived from completely renewable sources, including hydrogen produced by

electrolysis of water using electricity generated by renewable sources; synthetic fuels

from zero-input biomass feedstocks; and electric vehicles powered by electricity from

renewable sources. All would mean large-scale replacement of the existing fossil-based

energy system. They can result in over 80% greenhouse gas abatement.

One striking result of the analysis of alternative fuels and electric vehicles is the considerable range of

emission levels that could be associated with each option (see Figure 2), The results depend on the fuel

inputs and emission levels associated with power generation and fuel conversion. Any ranking of the

1 .Liquefied petroleum gas.

2 Compressed natural gas,
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options will varyby regionandaccording to the assumptionsmade about technology that is not yet fully

developed. Even currentlyavailable options, includingCNG and ethanol from maize, have considerable
ranges of emissions and may result in higher life-cycle emissions than gasoline.

Economic Potential, The car buyerconsidering an alternative-fuel vehicle has to consider thecost of the
vehicle, its probableoperating costs and its expected resale value. In the case of fuels such as CNG or

diesel, the vehicle cost is likely to be higher than that of a gasoline vehicle and the fuel costs are likely

to be lower. The buyer has to make a trade-off, depending on the cost of capital, expected annual costs
and kilometrage and the probable time before the car will be resold.

An earlier IEA studyexamined the costs andtechnicalfeasibility of using several alternativefuels (_A,

199Ob). Figure 3 shows the cost-effectiveness of using alternative fuels to reduce greenhouse gas

emissions, considering only the costs involved.in fuel supply.

The currentstudy providesa deeper economic analysisof fuels thatmay have significant marketpotential

by the end of the 1990s. Costs arecalculated for gasoline, diesel and CNG cars in the United States and

France in 2000. Figure 4 shows the estimatedranges of costs in each country of switching fromgasoline
to diesel and CNG cars at 1992 fuel prices and taxes. The fuel duties in each country have important

effects on the economics of fuel switching. In Francediesel is subjectto lower tax than gasoline, and is
likely to remain very attractivefor most vehicle buyers. Tax exemptions introduced in the United States

by the 1992 Energy Policy Act may make CNG attractive, at least for drivers who are unaffected by a

shorterdriving range.

Market Potential. Market shareprojectionsforalternativefuels areunreliable,as there is little experience

on which to base them. Macroeconomic models such as the IEA's World Energy Outlook are not

designed to predict fuel switching in the long term, Econometric models with more detailed

disaggregationof transport fuel demand may be more helpful in identifying possible niche marketsfor
alternativefuels.

Marketsurveyshavebeen carriedout in California, wherealternative fuels are being promotedby the state

government. The surveys indicate that disadvantages of alternative fuels, such as uncertainty about
availability, outweigh any cost advantage for most consumers. As a result the main users of alternative-

fuel vehicles have tended to be fleet operators.
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Policies for Greenhouse Gas Abatement

Many OECD Member countries have adopted policies to promote alternative fuels. These policies have
usually been motivated by objectives other than greenhouse gas abatement. In the United States

alternative fuels are being introducedas a result of legislation that is intended mainly to reduce emissions
of carbon monoxide and VOC.

Energy-efficientvehicles arenot achievingtheir economic potential in thecarmarketnow, and alternative-
fuel vehicles appear unlikely to do so by 2005 without government intervention. This is partly due to

aspects of the technologies that make them unattractiveto consumers-- reducedperformance, uncertainty

regarding fuel availability, uncertainty about the resale market. It may also be due to market

imperfections, such as lack of information about new technologies or the existence of external costs and
benefits associated with them.

CO: emissions are linked directly to fossil fuel demand. In economic terms the most efficient way to
reduceemissions would be to tax all fuels, in all sectors, throughoutthe world, according to their carbon

content. This approach, however, is unlikely to be adopted in the near future. The external cost of CO2

emissions is not known and may be unknowable, so it is not possible to determine the tax level that would
internalise the cost.

Approaches that do not depend on international agreement, such as vehicle fuel economy standards, have
been widely adopted. Such standards may have the drawback of resulting in lower driving costs and

hence more propensity to drive. Other indirect approaches to reducing fuel demand may have similar

drawbacks. Even if they result in fuel savings, they are likely to do so at greaterexpense in consumer
welfare than would have been incurred using carbon taxes.

A case study carriedout in the Netherlands analyses the effects on trafficand emissions of several policy

measures, including parking controls, fuel pricing, roadpricing and public transport investment. The study
also examines the effects of combinations of different types of measures. Combined measures have more

effect than would be produced by adding the effects of the component measures. The use of such

combinations reduces opportunities for consumers to compensate for restrictions imposed by individual
measures.

Policies for Sustainable Transport

Although greenhouse gas abatement appears difficult to achieve for passenger cars, there is growing
recognition of the range of problems caused by cars. Oil dependence has long been a concern of

governments in OECD countries. Other issues rising in the political agenda include traffic congestion,
accidents, noise and local air pollut,on.
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These issues have relevance for greenhouse gas emissions. Policies to deal with the other problems caused

by transport can also reduce greenhouse gas emissions. For example, in Europe the fitting of speed

limiting devices to heavy-duty vehicles reduces not only accidents but also energy use. In California the

promotion of CNG vehicles to reduce local air pollution may also result in reduced greenhouse gas
emissions.

Concern about global warming adds weight to the arguments for governments to reconsider their transport

policies according to the "polluter pays" principle. They should try to reduce the damage caused by

transport as far as possible. Where damage cannot be reduced, transport users should be required to pay

the full cost of their mobility. Yet the considerable existing government intervention affecting transport
makes this task difficult.

Responsibility for acting on many problems associated with transport tends to be split between government

departments. National administrations are beginning to address transport sector issues as a whole, by

consultation between departments. The process is important inhelping policy makers see the synergy

among the different issues, and should result in more effective action to deal with each problem.

This report cannot prescribe polices or policy packages for governments. The main recommendation

arising from the study is that governments should carry out and act on their own careful, comprehensive

analyses of transport policy options.
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Figure 2.
Greenhouse Gas Emissions from Alternative Fuels
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Figure 3
Alternative Fuels Cost-Effectiveness for Greenhouse

Gas Abatement
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Figure 4
Cost of Switching from Gasoline to Diesel or CNG
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Lifecycle Emissions Analysis
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Conclusions

Technical potential is considerable:
could reduce emissions per VKT by 80%

Economic potential muchsmaller:
20% fromenergyefficiency

10-20% per VKTfrom switching to CNG, diesel, LPG

Market potential even smaller:
OECD-wide 10-20% from energy efficiency by 2005

<5% from switching fuels
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CNG Car: Lifecycle Emissions
Greenhouse Forcing by Gas, and by Lifecycle Stage
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Lifecycle GHG Emissions for LDV Technologies
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Cost of Switching from Gasoline in United States
US cents per km
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Cost of Reducing Greenhouse Gas Emissions by

Switching from Gasoline in the United States
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Cost of Switching from Gasoline to Diesel

in the United States, 2000.
Cost in cents per km

1030% d.r.
Typical DistanceDrivenby US Drivers

8 - Car High

6 - 30% d.r.
!-,a

Car Low
4-

5% d.r.2-
Car High

0
_ ___ .... A 5% d.r.

-2 - Car Low

"4 l l i i _ l i 1 [ I i _ L i i i
5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 45,000

Annual distance driven (km)



676

SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

ALTERNATIVEFUELSIN lEACOUNTRIES:A LIFE-CYCLESTUDY
LaurieMlchaell$,InternationalEnergyAgency

Q. RenePigeon,Energy,Mines,& ResourcesCanada: PropaneLPGcomesfrom
refineriesbutalsocomesfromnaturalgasliquids.Howwasthishandled?

A. In NorthAmerica,mostLPGcomesfromnaturalgas liquids.In Europe,LPGis
mostlypetroleum-derived.WetookthedatainproportiontotheLPGsource.
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1993 WINDSOR WORKSHOP ON ALTERNATIVE FUELS

FUTURE R & D FORUM

Discussion Leaden Malcom Smith, Consultant



678

FUTURE RESEARCH AND DEVELOPMENT FORUM

Dlscusslon Leader: Malcolm Smlth, Consultant

This forum was set up by a written questiongiven, at registration,to all delegates.
"Whatdo youthinkis the mostexcitingthinghappening,_ in alternativefuels?"
Twentydelegatesprovidedwrittenreplies. The followingsummarizesthe replies:

• Alternativefuels in face-to-facecompetitionwithconventionalfuels. Technology
must deliver comparable or better user experience with alternatives or this
competitionwillnotbe sustainable.

• OEM vehicles designed to use alternative fuels; refueling stationsthat are a
reality;real infrastructure.

• Alternativefueledvehicles nowavailablefrom OEMs.

• OptimizedOEM enginesforalternativefuels(need M85 and E85 programstoo).

• The comingavailabilityof competitivemediumand heavydutydedicatednatural
gas enginesfromUS OEMs.

• The development of OEM alternativefuel vehicles in response to incentivesa_d
legislation.

• OEM involvement/technologyimprovement/consumerinterest.

• OEMs finally realizing the market-desire-for bi-fuel, not just dedicated fuel,
vehiclesnow.

• Especially in the US, alternative fuel vehicles are showing signs of being
commerciallyviable.

• Hydrogen fuel cells are showing that hydrogen might become a realistic
transportationfuel.

• Demonstrationof the hydrogenfuel cell busin Vancouver.

• Fuel cell vehicles, low emissions, high efficiency, C02 reduction, renewable
feedstock.

• Electricalhybridvehicledevelopment.

• LNG fueldispensingisviable.

• The rapidemergenceof naturalgas as a realisticalternativetransportationfuel.
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• Developmentof naturalgasvehiclesable to meet LEV standards.

• LightweightCNG storagecylinders.

• The use of methanol as a light vehicle fuel seems imminent. To some this
representsa challenge/threat.

• The developmentof biodiesels.

• New US govemmentfocuson acceleratingalternativefuel use fortransportation.

• Efforts to cooperate between Federal, State, City and Industry clean fuel 4
programs.

• THC regulationsfor NG poweredvehicles.

• Clintonadministrationinitiativesto promote(orforce)alternativefuelvehiclesinto
the marketplace.

• The impetus that US legislation and economic nationalism is giving to the
alternativefuel industry.

Analysis of the 20 replies showedthe followingbreakdownby topic (several replies
containedcomments abouta numberof aspects).

• AlternativeFuelVehiclesNow 50%

• New BeneficialRegulations(US) 20%

• Fuel Cells, Electricand HybridVehicles 20%
• NaturalGas Vehicles 10%

• Methanol 5%

In the Forum itself, the followingtopicswere put up as overheads, with the heading
"TopicsWorthTalkingAbout'.

• OEMs are deliveringproduct.
• The Halo effect.

• Who wan*.sto talk aboutPropane? Nobody? Concernfor a fuel that is here now

and has environmentalbenefits,butnotthe pizzazz to stimulatediscussion.

• Where haveCanada'spolicymakersgone?

• What does "clean" mean? What do you want it to mean?

• Itstime to bringin the electrics,fuel cell,and hybridfueled vehicles.

• What wouldyou liketo see in or out of nextyear'sWindsor Workshop?

• The case for publicand private sector interaction- ATFs in New Zealand and
Australia.
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There was considerablediscussionon propane, redressingto some extent, the lackof
propane/LPGpresentationsinthe mainbodyof the Workshop. The followingIs the set
of "on-the-fly"commentscapturedduringthe forum:

• The fuel (propane) isn't reallythere.

• The real energy cost is hardto get at.

• Fuel qualityis a problem. So is availability.

i, • Canadian pilotprogramsfor heavydutyenginesproduceduseful information,but
there'sbeen no followup.

• Don1expectgovernmentsto do the whole thing.

• Fragmentationin the propane industryisa problem.

• Propane has lost its "bloom". It's an old fuel and isn't cutting it in the

transportationmarket.
• The feedstockis toovaluableinother markets.

• Pricinginstabilitygets inthe way of wider adoption.

Othertopicswere:

• There's been a shift over the past 8 years. Stabilityof supplyis no longer an
issue.

• Can we (afford)to researchall alternativefuels?

• The AlternativeFuelsshouldn'tcompetewithone another. They shouldcompete
with the major fuels.

• Fuel-neutral researchorganizationscan assistif there are dollars available.

• Vehicle Inspection and Maintenance programshave the potential for substantial
market impact in conjunctionwith productavailability. More thought needsto
be givento this for the alternativefuels.

These comments,as withthoseculledfrom the 20 repliesto the initialquestion,are not
necessarilyinclusiveor balanced, butthey are reasonablyrepresentativeof the from-
the-floorcomments.
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SUMMARY OF VERBAL COMMENTS OR QUESTIONS

AND SPEAKER RESPONSES

FUTURE RESEARCH AND DEVELOPMENT FORUM
Discussion Leader: Malcolm Smith, Consultant

Q. VlnoclDuggal,CumminsEnglneCo.: There is a case for propanein Canada and
the U.S. because of its relatively low price. But what will the price be In five
years? it couldtake that long to developthe enginetechnolc_cjy.Will there be
enoughdemand for engines to pay back the developmentcost,_? Also,what is
propane,how muchis available,andat whatcost?

A. Bernard James, Energy, Mines & Resources: There is a specificationfor fuel-
grade propanecalled HD-5. It has been used in both lightdutyand heavy duty
vehicles in Canada withouta great deal of research. The reasonsfor the small
amount of research are not clear. The economics are favorable for use of
propaneas enginefuel.

Comment: Sheldon Vedlltz, Conoco Inc.: We do have some answers on
propane. Grade HD-5 is mostlypropane,with not over2.5 percentbutane or 5
percentpropylene. On cost, I can get a vehicleconvertedto propanefor $900 to
$2,200. A CNG conversionwouldcost $2,000 to $4,200. Propane has been
aroundfor a longtime and does not have the appeal of newerCNG technology,
but it shouldbe givena chanceto competewiththe otheralternativefuels.

Comment: Anonymous:Propaneenginetechnologycan be developedby other
entrepreneurswho see itas an opportunity.

Comment: William Chamberlin, Lubrizol Corporation: Our objectives have
shiftedover the years at thisworkshop. Methanolwas popularinthe early days
becauseof its potentialfor tremendousquantitiesto replaceimported petroleum,
not because of its low emissions. Cc_,stis an issue with alternative fuels, but
nationalsecurityis also a concern.

Comment: Chandra Prakash, EnvironmentCanada: We all know that vehicle
emissionswere not good using old techniqueswith mechanicalsystems. The
newtechnologywith electroniccomputercontrolsaccomplishimprovedresults.
There is stilla concernaboutsupplyandpriceof propane.

Comment: BernardJames, Energy,Mines & ResourcesCanada: I want to recall
that ten yearsagothese workshopswere startedby GeoffreyMaundand Eugene
Ecklundas an off-shootof contractorcoordinationmeetings. It has been great to
see the progressand technologydevelopmentsover that periodof time. I want
to thankAlex Lawsonforguidingthe programandfor hishardwork.
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