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Within the context of developing a comprehensive policy response
to the Government's planning target to reduce greenhouse gas
emission, the Department of Transport and Communications acting
in eoncert with a number of other government agencies
commissioned Nelson English, Loxton and Andrews Pty. Ltd. (NELA)
to assess the potential to reduce fuel consumption by new
passenger cars sold in Australia,

Interim information is being presented to the Steering Committee
by way of a series of seven Working Fapers as follows:

Working
Paper No. Title
1 AVAILABLE OPTIONS FOR FURL EFTICIENT TECHNOLOGY
2 Documentation of Technologies Available to Improve
Vehicle Fuel Economy
3 Production and Marketing Factors Affecting the
Introduction of Fuel Efficient Technology
4 Fopulation, Fassenger Car Stocks and Fuel
Consumption Performance
3 Feport on International Conference on Tomprrow's
Clean and Fuel-Efficient Automobile, Berlin,
25=28 March, 19951
& Review of Policy Instruments Available to
Government s
7 Cefinitions, Process and Procedures



1. INTRODDOCTION
1.1 BACKGROUND

The Brief requires, inter alia, that the Study discuss available
technologies and the economic and technical feasibility of
introducing them within the time frames set down for the Study.

These matters are discussed in Working Papers 1 through 3.

1.2 OBJECTIVES

The objective of this Working Paper 1 is to list and describe
possible techneoclogies for improving the fuel efficiency of new
passenger cars sold in Australia, which are powered by petrol cor
diesel fuelled internal combustion engines. These technologies
are referred to throughout this Study as the "technical options".

If read in conjunction with WPs 2 and 5; this paper provides an
overview of the directions being taken in automotive design
practice towards delivering fuel economy through technical
improvement of such wvehicles.

Specifically, this paper outlines the technical options
considered feasible for introduction into passenger cars =old in
Australia during the period to 2005, and the mix of technologies
which are likely to be introduced.

The document also envisages changes to the ADRs as they affect
cccupant safety and noxious emissions standards, and their
implications feor fuel consumption.

Anticipated changes to fuel consumption as a result of a Product
Plan Scenario and a Maximum Technology Scenarico are discussed and
guantified as far as possible.

1.3 AFFROACH

For the purpose of this Study, there are two relevant

perspectives for fuel economy:

o a manufacturing perspective which addresses the technical
gptions which might be brought to bear on fuel economy
during the planning period;

o a policy perspective which address the product features
likely to emerge in response to consumer demands and
particularly in response to anticipated government
intervention on safety and emissions controls.

This WP addresses the former; the latter are discussed in WP3,
WPE and in the main report.

There are three relevant markets:

{a}) wehicles manufactured and sold in Australia;

{b) wehicles imported for sale in Australia;

{c}) wehicles not now sold in Australia but which might be under
different market conditions or policies.



Items (a) and (b) are fairly readily defined by available
statistics. Assistance was obtained from Agencies in this regard.

Within {c), there is a range of production, prototype and concept
vehicles mentioned in the literature and the trade press which
have fuel consumption characteristics much lower than wvehicles
currently socld in Australia. These preovided a scurce of
information for identification of feasible technical coptions for
the pericd to 2005,

The feasible technical options were analysed acceording to the
laws of physics as described in WP2, and an estimate of fuel
consumption for each wvehicle class was obtained. These estimates
were then applied to the known product mix at the base yearis) to
provide a background teo conclusions about the action necessary to
deliver fuel economy to new wvehicles sold in Australia in the
period to 2005.



2. VEHICLES HOW SCLD IN AUSTRALIA

According to the AIA, there were 410,473 wvehicles sold in
Australia in 1988 including about 4800 commercial derivatives
used as passenger vehicles. Table 2.1 provides the breakdown of
sales of passenger wvehicles in 1988.

TABLE 2.1: ESTIMATED PERCENTAGE SALES OF FMVas BY
MAKE - AUSTRALIA, 1988

SALES 19388
Perocentage Locally Imported Total

Make of Vehicle of Total Froduced
Estimated Percentage of
esach Auvatralian Reaident
HManufacturer (ARM): (1}

Fard 27.5 31.86 42 .7

Holden 21.6 24 .8 18.2

Toyota 14.9 17.1 237

Mitsubishi 12.7 l14.6 8.7

Kissan {(incl. Dataun) 10.3 11.14 6,7
ARM Total (2) 86.5 330,416 26,372 356788
Estimated percentage of
Hajor Imported Makes (MIM):

Honda 3.3 23.6

Mazda 2.7 20.3

Hyundai 1.3 1a.4d

Volvo 0.9 7.2

Mercedes Benz 0.8 6.7

Subaru 0.8 5.8

Diahatau 0.7 5.5

B.H.W. 0.7 5.2

SARR 0.5 3.7

Jaguar/Dalmil. 0.3 2.0

Alfa Romeo 0.2 1.8

Rowver 0.2 1.6

Othar .7 5.2
M.IT.M. Total: (3} 13.1 53,685 33, 6B5
Total 100 330, 416 a0, 057 410473

SOURCES: ABS No.%305.0, p9.; RIAR 19B88; and

FAXUS Rustralia Pty Ltd, Bulletin - Hew Motor Vehicle Regilstrationa, L1988.
Kotes
(1} Local mancfacturers of cars and station wagona are wehicle
manufacturars with manufacturing facilitiga leocated in Australias.
(2} Includes derivatives of PMVs produced locally (eg. Panel Vans),
which are less than one pesrcent of the total prodused.
(3} All wehicles are petrol powered except for Marcedes Benz
15%0d and 3334 and the Peugot 305, which are diesel powersd.



These were classified as locally produced or imported.
2.1 VEHICLES MANUFACTURED IN AUSTRALIA

There is no vehicle which is 100 percent local manufacture, the
maximum being about 80-85 percent. Of the total 410,473 wvehicles
gold in 1988, 330,416 or just over 80 percent were manufactured
locally.

The Study defined local manufacture as all those wvehicles which
are imported in "completely knocked down™ (CDK) form, a typical
example of which is the Ford Laser. This definition represents
about 50 percent local content for the assembly function.

Table 2.2 summarises the proportions of locally produced and sold
passenger cars in 1988, by make, model, class and body type. The
Table includes wvehicles made under the Car Plan.

Of the five Plan Producers, GMH and Ford produce the large
classes (Holden and Falcon) while Mitsubishi, Nissan and Toyota
all manufacture cars of medium-large class, only slightly smaller
congigstent with their Japanese antecedents.

These vehicles dominate the market, representing &0 percent of
all wvehicles sold in 1988.

2.1.1 Modal Production and Cross Badging

Rationalisatien of the PMV industry is & key strategy of the Car
Plan. Central to the rationalisation process ie a reducticon in
the number of lecally manufactured models. At the outset of the
Flan in 1985, thirteen models were being produced in Australia.
Hine models remained in local production at the end of 1988,
following the removal of the Holden Camira during the year. By
the end of 1989, eight was the count following the phasing out of
the Mitsubishi Colt.

0f the eight models which were in production, four of these
models were the subject of model sharing arrangements entered
into during the year, namely: Corolla/Nova; Camry/Apollo;
Commodorae/Lexcen; {fall involving Holden and Toyota), and
Pintara/Cersair (involving Ford and Hissan).

There are no Mini class wvehicles produced in Australia. Ford was
the only local producer of luxury class vehicles (Fairlane and
Ltd} in 1988.

2.2 VEHICLES IMPORTED FOR SALE IN AUSTRALIA

Many wvehicles are 100 percent imports, particularly in the small
and luxury classificaticens. In 1988, there were 80,057 passenger
cars imported to Australia, of which 26,372 or almost 33 percent
were imported by the major resident manufacturers (Table 2.1).

The proporticns of imported makes is summarised in Table Z.1,



TRABLE 2.2: ESTIMATED FROFORTION OF SALES OF
LOCALLY PRODUCED VEHICLES BY MAKE, MODEL
CLASS AND BODY TYPE, AUSTRALIA, 1988

- aNak
Fercentaqe of Total Producties
Total
Fassenger FaEoant
Stat'n Hotaor Par
Hake Maodel Class Cars Wagona Vaeklele Froducar
- - EEw
Ford Lazar Small .1 B.5 B.&
Faleas/Falement Up. Medium 1§.1 B2 2L .3
Falrlane Laxury 1.4 0.0 L.4
Ltd. p. Laxucy g.3 0.0 0.3
Sub tatal i i
Halden Astra Small 2.6 0.0 .
Camira Mediun i.g 1.8 4.5
Cesmadara & Up.Medion 14.1 i.8 16,0
Commodore & Up. Median 0.7 0.1 o.8
Sub total 24.8
Tayota CorallafTarcen Median Ted 0.1 T.2
Coralla 44 Mird 1 155 0.0 0.4 0.4
Camry/Corana Meddam Tal 2.7 8.3
Camey & Mediun 0.3 0.4 0.5
Bub total 17.1
Hiasan Fulsac/Praleie Small 1.9 n.@ 4.0
Fintara Migd {um 2.4 1.2 3.6
Skyline Up. Median 2.1 i.6 T |
Eub cetal iL.8
Mitmukdakl Colt Emall 2.2 0.@ 2.2
Hagria Mediun B.B 3.6 1Z2.4
Sub Tetal 14.&
Total IJ041E01) 100

Source: ATA 1988y PANDS Australia Pry Ltd, Bulletln - Hew HWotar Yehicle Reglstratlens, 19808

Hota: (L] This tetal ilncludea all PHV deplvatives {(about 1 percent af totall.

2.3 VEHICLES EXFORTED FOR SALE OVERSEAS

Local manufacturers exported 1,921 cars in 1988 to make up their
total sales of 358,70% wvehicles. The number of vehicles exported
was the lowest recorded since the commencement of the Plan and
repregsented a decline of B1 percent over 1987 (AIA:19%88). The
drop in export sales was due mainly to the decrease in demand fer
Australian automotiwve products in the Hew Zealand market, the
major overseas buyer of Rustralian PMVs and components.



2.4 VEEICLE CLASSES SOLD IN AUSTRALIA

The classification system for passenger cars used by the Study is
discussed in WP7. Appendix A provides a listing of all wvehicles
sold in Australia by wvehicle class, and includes volumes sold in
1988 and 1990.

The breakdown of new vehicle sales by vehicle class and
production status for 1988 is summarised in Tables Z.3(a) and
(k) .

TABLE 2.3(A): ESTIMATED PROPORTION OF FPMVs BY CLASS AND STATUS
FRODUCTION, 1988

— == . i e e L Eammrm e ———

Parcantage by type of Przductien

Product Flan Manufacturesrs

Lacally Orkar ALl

Produced Imported Toral Imparted EHV

TV T Ar—— L ol - —— -—— -

Tokal HMind 0.0 18.2 1.3 L. B 3.74
Tatal Small i6-0 3.3 a4 i4.0 23.01
Toral Medium .1 47.4 31.3 18.9 20,64
Tatal Uppas Hediusm 42.13 0.0 15.1 C.0 .14
Total Sporta t.0 20.4 1.4 10.5 i-63
Total Luxury 1.4 L] Z.1 7.7 2.72
Total Uppasr Lusury .3 1.1 0.4 28.0 d.14
Tatal Feroentages 1qa 100 100 100 100.00

Sparcos: ATA 1988; PREUS Austra.ia Pty Lid; Buallerin - New Mocar
Vehlole Registrations, 1308,

Table 2.3 shows that over B8l percent of all wvehicles locally
produced in Australia are medium and large class vehicles.

All vehicles locally produced are powered by petrol engines.



TABLE 2.3(B): ESTIMATED PROPORTION OF PMVe BY CLASS AND STATUS
OF PRODUCTIOM, 1988

Parcantage af Total Sales

FPreduct Plan Mapufactyuracas

Locally other Al11

Produced Impertes Total Imported PMY
Total Mini .0 1.1 1.1 2.6 3.7
Taral Small Zl.0 0.2 Zl.2 1.8 1.0
Tatal Medium 1.3 .9 27.1 2.5 Zo.8
Tatal Upper Medium 3.1 0.0 34.1 - 4.1
Total Bporte 0.0 1.2 1.2 1.4 2.6
Tetal Lusury 1.2 [} 1.1 1.0 2.1
Total Uppmr Luozucy 0.2 0.1 0.3 j.e 4.1
Total Percantages BO.T B:1 BG.A 13.% 10a.4

Eparce: AIR 198H; FRXUS Australia Pry Ltd, Pulletin = Wew Motor

Vehicle Registrations, 198H.



3. VEHICLEE HOT HOW SOLD IN AUSTRALIA

There are a large number of makes and models sold overseas which
do not appear in the Australian market., These range from wehicles
from European bloc countries which are not available outside
those countries to "world cars™ which, albeit wvery similar to
cars sold in Australia, are sold in other countries under
different names to the name used in Australia.

These wehicles are of interest to this Study, because of the
possibility for inter=-country comparisons of fuel economy
discussed under WP4, and the potential for import of other
passenger car types if Government intervention in Australia
results in further distortion of the automoblile market (present
distortions are discussed under WP4).

It was noted that high fuel economy models such as the Geo Metro
¥Fi and Honda CRX-HF are not available in Australia, possibly due
to limited demand - after all, WP3 suggests that fuel economy is
not greatly wvalued either by purchasers of new motor vehicles or
by manufacturers.

The commentary below does not purport to address all types of
vehicles which might be available in all countries. However, it
dlsoc summarises what is known about prototypes and concept cars
which might be developed to market conditien by 2005.

3.1 VEEICLES APFPEARING IN CVERSEAS MARKETS

Working Paper 4 identifies a range of wehicles scld in Australia
which have cleose equivalents in overseas markets. The purpose
there is to compare fuel consumption of wehicles sold in
Australia with that for eguivalent wvehicles from overseas
markets.

3.2 FROTOTYFE AND CONCEFT VEHICLES

There are at least eight manufacturers in the world who have
built and/or tested prototype models using petrol or diesel
engines.

Table 3.1 lists a number of prototype vehicles discussed by IEA
{1991), which incorporate many of the technological improvements
being considered by this Study.

The most advanced is the Toyota AXV which has a fuel consumption
of 2.4 1/100km. on the assumed test basis.

Although it is clear that the technology exists to produce
vehicles with far lower fuel consumption than existing wehicles,
there are some points to be made about their acceptability in the
market place.



10

KNOWM PROTOTYPE AND CONCEFT VEHICLES AVAILAELE

DOHE MY GENTRAL BREITI WL THA CEF YOLETRAGER VILNG REMBYLT BENMILT FEUGECT FEVSEOT oG
HOTORE LET LANT
HODEL TR | EoW-1 RITD BI0A WE-ENT | LCF 258 EWE | WESTAZ WERLI | ECT ZEAG -
[ TTEFIEE | Cyuealirm) [EELTL ] [T L [T TLILTE] ialesmio 1 dgasaling [EREEHN I D salliEl pdleweli
] 1 I i I
Wombar Gf ] ] [ i [ ] =1 | a=4 =3 | & [ ]
FaEEsrgEre ] 1 i 1 I
] 1 I ] I
astedynasds 1.3 [ L4 | 1] 3 LIt J Lt L] et i -10 B3 [Tt AR
FaEg ] 1 [ 1 I
co-sfficimat | 1 I 1 1
] 1 I i i
Curk melght 1472 [+ TN L1 [ L] LR | 4TS L] | wEa L1E]
g ] I I 1 I
] | I 1 I
M o (1} (. 3] 51 I szgmn L1 O 3 &8 | im L
Fower |hpl ] 1 [ i I
] 1 I 1 I
Fou)] Rcomcay -4 city | 5.8 sity 3.0 clty 1.2 ity §onn ity 3.8 wivy 1 3.8 eluy .2 cily | 3.8 ciny d.1 einy
{LF100%Em] [ I L | |
1 1 I L] I
[ERe¥EL 18 (AR EAET 1 High Gee af LI LE] Hedd flad 0z 1 klgh dopsrcharged I Bigh ure af 0oL engl-a | F-cylindas oI wnglee
FEELLUIER | by and 1 sl ombedom plaatis snd A=cyl, Fsla, I msgneablom 01 wivh stap— 1 higm hige s of | wrgine. migh
| emgine. 1 mrd plastics. sleminies I1lp-vwhewl i w=es I BE [15] | mazarisd. ilgax | uee af ilgac
1 [ parie. Fly= AERP-ECATE 1 anglass ] makerial, | meberisl .
i L] whewi slop AT i ] I
k L] [T I L Emal ] |
r i i Lneliated, ] I
Dwvslopmact  [Frototyps I Frototyps Froletyia oyl By | Fretatypa Frototypa I Fragramms wngaiag | tmgadzg Faranrch
LT | L 1 complels, P seakirch, | complete. complete. I completed. Save | daral
| mm preductisn o poambihi1iey | adaptikla ie ] I
| plasm. i af prod- I [eradaar dan. ] 1
1 ] L L. I ] I

Aparokl  MEdEd ol JnhesEEns snd williass, 187, Elevies, VRE End Delewy, L¥BO.

Wots: ©OF = Dlrect [n{mction. My = Gdghasy

¥ = Coskbeacusly Vazlable Teassalselon

| |

S ——

el amnl}

Lo ]

L L5

ot

k1

J.d cizy

welght ia
138 pimss=lie,
&8 aluminlim,
has GWT &rd

01 snglea.

oyl g
dav el oomart .



11

For example, many concept cars are defined so that fuel economy
is the only goal. When designing such vehicles, engineers
typically do not concentrate on matters such as drivability, ride
gqualirty, and so on. In particular, there is commonly no attempt
to ensure that such cars meet emission and safety standards;
rather, the wvehicle represents a design exercise or demonstration
project whose aim is simply to evaluate the potential for
technological gains in fuel econcmy {or some other objective).

Major constraints to their introduction are linked to economic
factors and purchasers' preferences. For example, the Volvo LCP
2000 has rear seats which face backwards, in order to maximise
interior space. It also uses lightweight materialsz including
polymer alloy, glassfibre plastics, magnesium engine and
transmission housings, and so on. Such advanced materials have a
disadvantage in that the manufacturing technigques for mass
production have not yet been established.

The gquestion of advanced materials gives rise to the need for an
holistic assessment of energy consumed by the manufacture, use
and recyecling of a wvehicle throughout its life. Many of these
advanced materials are very consuming of energy in the production
phase. Typically the production energy is highest for steel
parts, and the recycling credit is highest for aluminium.
Introducing polymers into cars can save energy, rescurces and
reduce environmental loads (Erummenacher:199%1). This guestion is
a research study in itself and was not addressed further in this
Study, largely because the materials are unlikely to be found in
production cars in Australia before 2005.

When considering claims for fuel economy from prototype cars,
care should be taken to ensure that the test procedures used as
the basis of the claim are consistent with those used in
Australia. The guestion of testing is discussed in WP7, and has
emerged as a significant issue for the Study. For example, the
Peugeot ECO is assessed on a constant speed test (we do not have
the details of this).

An QECD/IEA expert panel 1in 1%%0 noted that concept cars and
prototypes were yet to give rise to the development and
production ef highly efficient vehig¢les based con those
experiments. This situation has not changed substantively.

However, it is not the intention here to be too negative. The
Volve LCP 2000 is an operational prototype which has passed
stringent crash and emissions testing and still achieved 3.6
1/100km. (Plastics News:19B84).

Again, Brogan and Venkateswaran (1%%1,p.l11l) suggest that:

"...the two-stroke 51 engine, battery powered electric
vehicles (EV)...could appear...in..5 years or less...In
5-10 years EVs with advanced batteries might appear,
perhaps in some hybrid configuratien. In..10
years...gas turbine powered vehicles appear possible.™
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3.2.1 Conclusion

On balance, it was concluded that the barriers to introduction of
advanced technologies other than those discussed in WP2 should
not be discounted, especially when one considers the size of the
RBustralian market.

It was also concluded that while technology can provide benefits,
it cannot be used to attain the 100 MPG (2.5 1/100 km) that some
prototypes have demonstrated without additional addressing of
consumer requirements.
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4. AVAILABLE TECHNICAL OFPTIONS

The car has been in existence for 100 years and is a mature
technolegy; future improvements are largely evolutionary and the
individual impact of most technical options on fuel economy is
small.

A number of studies in recent years have examined the potential
for fuel economy improvements using new technelogy optioens for
new passenger vehicles. In particular, conferences at Rome (1330)
and Berlin (1991) under sponscrship of the QOECD and the IEA
provide summary information which has provided a point of
. departure for this Study. Refer Bibliography and WBS.

It is to be noted however, that there are at present no technical
options available for gasoline and diesel powered wehicles which
will reduce CO, emissions (Beger:13351).

4.1 TECHROLOGY CURRENTLY AVAILABLE

Discussions with Australian Plan Producers provided infeormation
on whiech te update for Australia, EEA’s knowledge of
manufacturers’ global strategies and the status of technical
development in passenger cars sold overseas.

Table 4.1 summarises the penetration into the existing fleet at
1990, of a number of technologies which are relevant to the
developing outloock for fuel economy in passenger cars sold in
Australia through to 2005,

The mechanical details of the technologies listed in the Table
are discussed in WP2 and the literature.

4.2 TECEMICAL OPTICHMS FOR FUEL ECOMOMY IN AUSTRALIA

Forecasts of new car fuel economy are based on potential
technological improvements to cars combined with increased
consumer demand for highly efficient and clean autcomobiles. This
is a powerful combination which could lead to important gains in
fuel efficiency in Australia.

hutomotive techneology for piston engines is considered mature,
and future techneological improvements are conceptually well
understood. In addition, the long lead time from technology
concept to product allow a reasonable forecast of technology that
can be commercialised by 2005. Finally, the growing
internationalisation of the automotive industry suggests that
technologies commercialised in major automotive markets such as
the U.3., or Japan will be available in ARustralia within a year or
two of their introduction anywhere else.

The EEA methodclogy utilises these concepts to forecast
technologically based improvements to wehiecles and their
resultant fuel economy.
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TABLE 4.1: 1990 TECHNOLOGY PENETRATION EY MARKET CLASS

Tppar
Mini Small Msdium Medium Bports Luzury
Front Wheal Driwe 100 100 100 ] i44a 13
Drag Reducticn (T, <0.34) 70 35 20 55 77 23
M-5 Tranamission o &0 30 10 75 10
A=4 Transmlssicn 5 5 70 %0 25 a0
(Total Auteo Tranamissicn] (20) f40) {7a) (90] (25) (a0}
Torquae Conwerter Loak-Up 5 20 T 40 20 90
Electronic Trans. Control a 5 35 0 0 18
Owverhead Cam Engine 1040 100 1] 45 194 LE
Eoller Cam Followars Q & 2 55 0 4
Low Friction Plstons/Ringa 0 5 LT 100 10 45
4-valvefoylinder 22 62 36 0 100 34
J=valwve/cylinder o T i8 0 0 [
Central Fuel Injestion 1] iz 1] 25 0 0
Multipsint Fusl Injection 40 s aa 75 100 ion
10w-30 0il a 1] 1] Q o i
Accesscry Improvemonts 1] 4] ] i 1] 0

Source: Automobille manufacturer apecificaciona.

Broadly,

opportunities for improved fuel consumption can be

addressed in five areas:

raduction of weight and aercdynamic resistance in bodywork;
incremental development of fuel efficiency in engines,
especially through increasing use of electronic engine

improved efficiency in the drive train through transmission
(especially more gear steps), improved

reduced energy consumption by essential accessories, such as

o
o
management systems;
o
design changes
lubrication, tyre resistance, and so ong
o
water pump, generator, etc.;
o

reduced weight and energy consumptien by optional extras,
such as air conditioning, systems, luxury
appointments, etc.

sound

WPZ2 summarises the status of technology development in overseas

markets relevant to options for this Study,

and WBPS summarises

the EEA interpretation of the results of a Conference it attended
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in Berlin during the course of the Study. There is a wide body of
other literature about new inventions, prototypes and practices
which aim to develop fuel economy in gasoline and diesel powered
passenger cars (e.g. Bleviss:1988).

Each technical option has its own technical, economic or
environmental advantages or disadvantages; potential market
niches and time horizon.

A summary of the new technologies being referenced in this Study
is provided in Table 4.2. More detail is provided in WPZ.

The reference assumes that all manufacturers will have access to
and may utilise all available and applicable technologies in
their wehicles by 2005. In this context, the term "available"™
refers to technologies that are already in production in at least
one model in the world in 1991, {(There is one exception, the
two-stroke engine, which is discussed further below and in WPZ).
The term "applicable” is used te signify that scme technologies
are specific to a market class and cannot be applied to all
classes. For example, the Continuously Variable Transmission
{CVT) is torgue limited and is applied only to small and mini car
classes.

A possibly controversial aspect of this ocutleock (which applies
both to the Product Plan and the Maximum Technology Scenario) is
assoclated with the modified {(Sarich) 2-stroke engine, the only
technology not in production today. However, this engine has
demonstrated significant fuel economy benefits while attaining
U.5. 1994 standards on cars up to 3000 lb (136l kg) test weight,
i.e.; small and mini cars. These demonstratlons include a claim
of 3.8 1/100km for an 2-ztroke engine fitted to a Honda CRX HF
body (AFR:24/5/91.p.23).

Plants are being established in the US to manufacture the engine
for light marine and stationary applications. In addition,
licensing arrangements are in place with a number of glckal
manufacturers. Hominally therefore, modified Z-stroke engines
should be available in Australia towards the end of this
decads ,

Even if actual engines were manufactured overseas, it may be that
existing or slightly modified arrangements can be identified
undar the Car Plan to allow Plan Producers teoe "count™ Sarich
engines under the export credit rules.

Penetration levels in 2005 as estimated for the Z-stroke under
the Product Plan and the Maximum Technology Scenaric were
approximated on the basis of market share of Plan Producers in
the small (and in the future, the mini-car) class, as well as in
the lower trim level versions of medium class, for the Maximum
Technology Scenario.



TABLE 4.2:

BODY

Drag Reduction I

[ from 0.37 to
Q?HEIE.33!

Drag Reduction II

(Cp from 0.32 to 0.29)

Weight Reduction
Material Substitution

Front-Wheel Drive

Low Friction Pistons/Rings

Eoller Cam Followers

Advanced Friction Reduction

4=Valve/cylinder
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TECHNOLOGY DESCRIPTION

Accomplished by restyling and
attention to detail; several
Australian models already are
Cp = 0.32/0.33.

Advanced body design. Requires
fluesh fitting glass windows,
improved assembly technigques to
minimise gaps in the body.

Extensive use of plastics; Sheet
Moulding Compound for hood and
deck lid, Injection moulding for
fenders and fascias. Aluminium
in some structural parts and
wheels (Engine related weight
reduction accounted for
separately).

Conversion of rear-wheel drive
cars to front-wheel drive while
maintaining constant passenger
and luggage room. Transverse
engine allows improved packaging
and reduced exterior size;

weight reduction alsc associated
with elimination of propeller
shaft, differential and rear axle.

Use of better piston designs, low
tension rings and improved quality
control.

Use of roller bearing for the cam
contrel surface instead of a sliding
eontact.

Low mass sgqueeze cast aluminium
pistons, lightweight walves and
titanium springs, improved centrol
of bore and piston dimensions.

Replaced 2 wvalve/cylinder OHC
engine of egqual performance.
Improved thermodynamic efficiency
due to compact combustion chamber,
central spark plug and higher
compression ratio. Reduced pumping
loss due to reduoced displacement
and larger wvalve area.
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TABLE 4.2: TECHNOLOGY DESCRIPTION - Continuad

Variable Valwve Control

Two=Stroke Engine

Central Fuel Injection

Multi Point Fuel Injection

TRANSMISSION

Torgue Converter Lock-up

Four Speed Automatic

5=5peed automatic/
e-speed manual

Continuously Variable
Transmission

Elaectronic Transmission
Cantrol

Varies intake valve timing and
1ift to match engine RPM and load
regquirement. Reduces pumping loss.

Advanced engine as ploneered by
Creital; with direct injection
stratified charge combustion
system.

Replaces carburettor. Improved fual
atomisation and reduced cold start
fuel consumpticon. Eliminates use

of air pump to most U.S5. 1983
emission standards.

Uses one indjector per cylinder.
Allows more precise fuel metering,
uvse of deceleration fuel shutoff and
tuned intake manifold with leong
runners to maximise torgue.

Eliminates slippage in the hydraulic
torgque converter used with automatic
transmissions by means of a rigid
mechanical link.

Replaces three speed automatic with
an additional overdrive gear. This
reduces engine FPM at highway
speeds, decreasing both friction and
pumping loss.

Adds an extra gear. More gears
allows the engine to operate closer
to the best fuel economy point at
any vehicle speed and lead.

Logical extension of more gears to
an infinite selection. Current
designs are torgue limited and can
be used in small cars only.

Integrates engine operating
information with wvehicle speed
information to select optimum gear
for best fuel economy. Also engages
torgue converter lockup to minimise
slippage.
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TABLE 4.2: TECHENOLOGY DESCRIPTION - Continued

OTEER

loW=-30 0il Replaces current 20W-40, reduced
viscosity results in lower friction
loss.

Improved Tyres I/II Evalutionary improvements to
tyras.

Rolling resistance reduced by
improved tread/shoulder design and
better rubber compounds for lower
hysteresis loss.

Rccessory Improvements Evolutionary improvements to
alternator, oil pump, water pump,
fan drive and power steering pump.

Electric Power Steering Replaces hydraulic power steering
where considerable energy is wasted
in maintaining hydraulic
pressure. Large electric power
demand may limit technology to
small and medium cars.

Note that the reference also includes the increased use of
multivalve engines. This latter reflects a broad finding is that
for passenger cars, the conventional Otto cycle gascline powered
engine is continually undergoing improvements and remains a
formidable competitor to advanced alternatives (Brogan and
Venkateswaran:1991,p.2).

However, the technology options with the greatest impacts on fuel
aconomy are:

o two stroke engines, which can deliver 14 percent benefit
ovar 19490 Z-valwve OHC engines;

(] 4-valve engines with wvariable valve timing, which produce
about 9 percent benefit owver 2-valve OHC engines;

o weight reduction, which delivers a 6.6 percent benefit over

& base 19%0 car.

Of course, diesel engines have advantages for fuel economy also,
as discussed in WPZ. However, there is an offsetting effect due
to energy losgses in refining, which was asgsessed in WF7 as about
5 percent. Diesel engines are more expensive than gascline
engines, also.

The fuel economy benefit over a 1990 base diesel engine at a
given level of performance are as follows:

o Prechamber diesel 18 to 20 percent;
o Turbocharged prechamber diesel 28 to 30 percent;
o Turbocharged direct injection

diesel 40 to 45 percent.

Of these, the direct injection diesel may have greater difficulty
with future NO, emission standards, as well as noise and
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wvibration control.

The global strategies of individual manufacturers typically
pursue multiple options based on short and long term priorities
sat by governments and consumers in country markets; resources
and profitability available in those markets, and the size of
each country market. These fundamentals can be influenced in part
between countries by government intervention which waries the
attractiveness of one or other particular courses of action
during product develcopment.

Taxation on imports, purchase and use of passenger cars; emission
controls set by the ADEs and manufacturing incentives provided
via the Car Plan are the instruments which impose Australian
variations on manufacturers’ gleobal strategies.

4.3 DEVELOPMENT OF TECHNICAL SCENARIOS

The EEA methodology relies on starting from a known baseline of
vehicle technological characteristics and fuel economy based on
actual wvehicle specifications in year 1330,

It then utilises technalegical improvements from the baseline
vehicle to improve fuel economy, while holding wehicle size, as
defined by interior wvolume, and wvehicle performance, as defined
by the power to weight and torgue-to-weight ratiog, constant at
baseline levels.

Of course, the Study was aware that historically, car size and
performance have not been held constant but are increasing in
response to consumer demand and competitive pressure. The
technologically based forecasts can be readily adjusted to
capture the effect of size (weight) increages asg well as
performance (engine output) increages. Similar adjustments are
made to capture the effects of new safety standards (which
increase weight) or emission standards (which decrease engine
efficiency) that may be imposed in the future.

One issue unigue to the Australian market has surfaced from
detailed comparisons of wehicle fuel economy in the U.5. and
Australia., Both countries utilise jdentical test procedures to
measure fuel economy, but comparison of the same model cars with
identical engines and transmissions revealed U.3. models to be
10 to 20 percent more efficient in a large number of cases. This
izaue is explored in WP4.

The EEA methodology can be applied to indiwvidual wehicle models
that are defined a3 a specific model name/body
style/engine/transmission/power output combination. However,
there is a wvery large number of such combinations awvailable in
the Australian market and time and resource constraints did not
parmit an analysis at this level of detail. Instead, the car
models were aggregated into "market classes" where wvehicles in
each class were approximately similar in consumer perceived
attributes of size, price and performance.

Within a market class, wvehicles can be expected to have similar
potential for technological improvement, while competitive
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pressures would assure similar effects on retail price within a
class.

The forecast 1s provided for two scenarios, identified as the
"Product Plan™ and "Maximum Technology™ Scenario.

Based on the detailed technical specifications of each model, and
the sales mix, a technological profile of each market class can
be constructed. This information would normally include the
details of the penetration of each model/engine/transmission
combinatioen, which is available in manufacturers’ annual CAFC
caleculations.

However, these were not made available to the Study and in their
abzence forecasting proceeded on the basisz of estimated
penetration of manual vs. automatic transmissions by class, as
well as the penetration of "performance engine" options, from
limited published data as well as from anecdetal information
obtained at meetings with the manufacturers.

4.4 PRODUCT PLAN SCEHARIO

The Product Plan scenario provides the baseline for the Study. It
assumes that there is no regulatory pressure on the manufacturers
to improve fuel economy, but competitive pressures and the
evolution of technology will cause fuel economy to increase
regardless.

At the same time, the size of some vehicles and the performance
of some wvehicles will increase, based on available data on
manufacturer product plans for the next five years.

However, the Product Plan involves no move to recalibrate test
facilities, engines or transmission management systems to attain
fuel consumption edquivalence with similar wehicles sold overseas.
This issue is discussed further in WP4.

The Product Plan scenarie shows increased market penstration of
those technologies which are partially in the market today; refer
Table 4.1. It also envisages partial penetration of a selection
of new technologies, as listed in Table 4.3 for year 2005.

For model year 1995, now only about 3 years away, there is no
time to incorporate any significant changes in technoleogy beyond
what is already planned.

Increases in size and performance of wvehicles are expected
principally in the small and medium market classes. The new Ford
Laser/Mazda 323 models are somewhat larger and offer a higher
performance level than the previcus models.

New models in the class are expected to continue the trend, with
average engine size increasing & percent and weight increasing 5
percent over the next five years. Similarly in the mid-size
class, Mitsubishi has already introduced a new (for 1991) Magna
that is longer and wider and weighs nearly 10 percent {120 kg)
more than its predecessor.
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This may be an unusually large weight increase, 25 we expect
other models to increase by 60 kg only. For example, Toyota is
expected to bring out a bigger Camry later in 1991,

Engine output is expected to be in the range 85kw to 94kw by 1585
for this group of cars.

For both small and medium classes, a phase-put of carburettors
and 3-speed automatics is anticipated, replaced by fuel injection
and 4-speed automatics.

The upper-medium class 1s not expected to have any new models as
both Ford and Holden have an B-year product cycle and the Falcon
and Commodore are relatively new. In the mini-car clasa, we
expect a host of new models starting with the Daihatsu Mira and
Mazda 121 in 199%1. It is possible that Honda, Ford and Nissan
may introduce their City, Festiva and Micra models if the market
clase shows growth owver the next few years. Average size and
horsepower are not expected to change significantly for this
class.

TABLE 4.3: FPEHETRATION OF TECHNICAL OPTIONS INTO FRODUCT FLANM
SCERARIO AT Z005
Twchno logy

Product Plan

e i e i e e = _

Weight Reducticn

Drag Reduction
2=atroke enginea
d-valve engines
CVUT (replacing
aptomatic

transmisaion)

S=apead autc
transmisaion

Variable valwve
timing

MBdvanced engine

friction reduction

Electric Pawer
Steering

Improved Tirea

5 percent for all cars except for Holden
and Commodore

ED = 0.30 ~ 0.31
In £0% of mini and amall clasaea

In all cther vehicles except V-8, some
mini

In 10% of mini, small and 20 parcent of
i am

In 50% of upper medium and luxucy

In 50% af 4-valve engine rated owver 75 kw
In all eagines

Feplaces 50 percent of power steering in

mini and amall cars

In all carcs

Typically, lead time considerations reguire the manufacturers to
gset product specification for models according to a five year
rolling programme; i.e. at 1%91/92 specifications will be set
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through 1936/1387,

Some of these gspecifications involve increasing the size of new
models relative to a current model that will be replaced, as well
as increasing the performance of some wvehicles. Manufacturar
product plans to 1996/97 can be tracked through articles in the
automotive trade press.

Beyond 1937, EEA has assessed likely product plans based on the
available technologies being "cost effective™ to the consumer. In
this context, cost effectiveness was based on the value of fuel
saved relative to the increased price of the car due to
technology adoption. EEA also assumed that the current rate of
increased demand for size and performance cannot continue
indefinitely and will plateau in 1599&/97. {This assumption may
not hold true if fuel prices are low and consumers become more
affluent). Prospects for policy action to assure the performance
assumption are discussed in We 3.

Ko specific scenarioc was incorporated for 2000, but an
intermediate forecast point representing the complete penetration
of all technologies listed in Table 4.2 was utilised. The exact
timing of this is neot of issue as most of the penetration will
take place by 1998 and the last few percent by 2005. Rather, the
analysis focused on 2005 using the intermediate forecast point as
the starting point for a number of technologies to be utilised in
the 19%8=-2005 time frame.

4.5 MAXTMOM TECHNOLOGY SCEHARIO

The "Maximum Technology Scenario" envisages a guantum improvement
on Product Plan fuel economy being achieved by Australian
manufacturers and importers, due to deep application of the known
technologies described in Section 4.2.

All of the technologies described therein will probably be widely
available world-wide s¢ that Australian manufacturers should have
no specific problem in accessing the technologies reguired.

Although the Maximum Technology Scenario references the same
technologies as the Product Plan Scenario, it differs in several
important ways:

o it assumes that manufacturers calibrate their cars to be as
fuel efficient as their U.S5. counterparts at equal weight
and perfcrmance levels (i.e. no reduction of axle ratios or
engine size from axpected 19%5 levels is assumed):

o there is an increased lewvel of welght and drag reduction;

o it invelves near complete use of either 2-stroke engines in
mini and small cars or a 4=valve engine with variable valve
timing in the other classes;

o similar differences for advanced transmissions.

The wislon for the Maximum Technology Scenario at 2005 is
provided at Table 4.4.

It is emphasised that the maximum technology scenario

s] requires all manufacturers to redesign all products to the
highest level of fuel efficiency;
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0 incorporates technologies such as advanced weight reduction
and wvariable valve timing in all cars regardless of cost
effactiveness to the consumers;

o does not consider the financial ability of local Australian
industry to undertake the extensive preduct changes
regquired.

hs a result, we would caution that the scenaric ocutlock must be
understood in the appropriate context.

However, the Maximum Technology Scenarioc retains lead time
limitations. As discussed in Section 4.2, manufacturers’
production specifications have been formulated to 1996/19937 and
therefore there is no technological difference between the
Product Plan and Maximum Technology sScenarics for 1995, The two
scenarios diverge technoleogically in 2000 and 2005.

TABLE 4.4: FENETRATION OF TECHNICAL OPFTIONS INTC MAXIMUM
TECENOLOGY SCENARIO AT 2005

Technology Haxisum Techoology Scenario

Weight Reduction 10 parcent for all cara; 5 percent for
Holden Commodore

Drag Reduction Cp = 0-.48 - 0.2%

2=stroke englnes In 0% of mini and amall and 40% of medium
d-valve engines In all sther wehisles

CWt (replacing In all mini, amall and 30 percent of
automatic medium

transmisalon)

E-apaad auto In all upper mediom, luxury and 40 percent
transmission af medium

Variable valwve In all d=valwe engines cated over T§ kw
timing

Bdvanced engine In all engines

friction reduction

Electric Power Replaces all power steering in mini and
Btearing amall cazs.

Improved Tires In all cars

4.6 IMPACT OF ANTICIPATED SAFETY AND

EMISSIONS CONTROLS

The Product Planm and Maximum Technology Scenarics considered
above do not include the effect of new safety or emission
regulations that may be imposed in Australia over the next 15
years,
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Emissions controls imposed by ADRE 37 are understood to have
resulted in higher fuel consumption, while any safety measures
which regquire greater welght (safety eguipment) or friction
tyres) have similar consegquences.

1t was therefore decided toc base a forecast for the purposes of
the Study on the basis of:

o the current policy in the FORS to harmonise Australia's
compliance reguirements with overseas standards:;

o recent studies completed by the FORS in the area of
occupant protection;

o past experience of Australia’s practice of adopting overseas

(particularly US) standards a nunmber cf years after they are
promulgated in the host country.

Emissions

In ARustralia, the present ADR 37 conforms to the US 1976
standard. Currently, cars sold in Australia meet the existing
standards by & wide margin and this is likely to continue into
the 1990s. It is understood that the automotiwve industry intends
to voluntarily upgrade the emissions performance of passenger
motor vehicles to conform to the 1380 US Standard.

How some would argue that Australia could if desired, adopt
standards lower than some others because our cities do not suffer
the same climatic conditions that apply in (say) Los Angeles,
where ailr pollution is of great concern. Only occcasionally does
air pollutant concentrations in Sydney or Melbourne reach lewvels
which exceed WHCO standards.

There is convincing evidence that cars equlpped with a 3=-way
catalyst are less fuel efficient that the egquivalent non-catalyst
versionis), by an average of up to perhaps 4 percent (Hickman and
Waters:1%91,p.7). Similarly, emissions controls over diesel
engines brings with it fuel consumption penalties.

For petrol engines, the position is exacerbated by lack of
maintenance, because the successful operation of a 3-way catalyst
depends on the composition of exhaust gases: 1f the exhaust
contalns excess oxygen, the catalyst will not promote the
reduction of NO_,; and if it contains too much, it will not
oxidise the CO and HC components.

In an onroad situation, the catalytic converter can and does get
fouled, and subsegquently the car may be less fuel efficient than
if the converter had never been fitted in the first place.

Thus there is are potential economies for Australia not to press
unnecessarily for more stringent emissions standards, because
lower NGO, emissions standards provides a window for improved fuel
economy, and perhaps lower CO, emissions, that is not available
in countries with less forgiving climates.

However, the political climate is for continual increases to
stringency of emission standards, and hence steadily increases to
fuel consumption penalties.

For example, recent revisions to the Clean Air Act in the U.5.
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has now resulted in new regulatory initiatives for 1994. The
standards that will be imposed in 1994 are 0.25 HC/3.4C0/0.4 NOx
g/mile as opposed to the 1983 levels of 0.41/3.4/1.0. The 1954
standards for the U.5. 4%-states are already being phased-in
California, and a detailed comparison of California ws. Federal
cars suggests a small (1 percent or less) change in fuel economy
due to these standards.

California is believed to be contemplating very stringent
emissions standards, with zero being contemplated (i.e. electric
cars). However, the California situation would appear to be a
special case from the point of view of this Study.

It is also necessary Lo recognise the high correlation between
fuel consumption and C0., emissions. CAFE standards such as in the
U5, or weight based amissinns standards such as in Japan, both
contribute to improved fuel economy and reduced greenhouse
emissions. The guestion is - what are the overall social costs of
these desirable pubcomes.

At present, there is considerable debate in the US about
mandatory fuel consumption standards feor the late 19%0s, and the
outcome is still uncertain. The debate about CAFE standards is
discussed in WPé6. '

From a wiewpoint of fuel consumption under acceptable emissions
criteria, the two biggest technology copportunities are with the
diesel and the two-stroke, as these have difficulty with future
{but not current) US emission standards.

However, any debate about this issue in Australia may be
irrelevant. Because of the propensity for manufacturers to design
their cars for overseas standards, Australia gets the higher
control mechanisms anyway.

Accordingly, the Study recognised that detailed analysis by the
U.5. EPA has shown that the three-way catalyst/closed=loocp fuel
control system can meet the US 19934 standards with no fuel
economy penalty. In fact, many Australian cars already employ
this system {although catalyst loading of precious metals may be
lower in Australia than the U.3.) and certify at emission lewvels
that are almost eguivalent to U.5. 1983 standards.

As discussed in WF3, the cost in fuel consumption terms of
adopting US 1994 standards is small.

Occupant Safety

The Federal Office of FRoad Safety commissioned a major review of
internal occupant protection by the Monash University Accident
Research Centre in 1989, The first stage of this work relating
to frontal crashes has been released. Further work has been
commissicned to look at side impacts and rollovers which should
be finalised by the end of 153%2Z.

The current review of passenger wehicle occupant protection by

the Standing Committee on Transport (35COT) Working Party will
examine recommendations in the Monash report to improve oCcoupant
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safety. Some of these include: better restraint geometry,
pretensioners, webbing clamps, more forgiving steering
assemblies, improved padding, better protection for lower limbs
and inflatable devices.

A barrier crash program and cost benefit study are being
conducted to establish the most effective means of achieving
these improvements.

However, all these items invelve a weight penalty to some degree.
Any move to changes in side impact and rollover protection will
add further weight, estimated at between 30 and 40Kg if all
measures are implemented.

Conclusion

In the past, it has been shown that a tradecff exists between
fuel economy of motor wehicles and regulation of motor vehicle
manufacture and use in the interests of safety and environmental
protection, especially emissions controls.

tn the basis of the above and discussion with the Project
Manager, it was decided that the PFroduct Plan and Maximum
Technology Scenarios would both include by 2005 emissions
controls and cccupant safety gear equivalent to US 1934
standards.

The Study adopted these for target years 2000 and 2005,

If Australia adopts all of the U5 1994 requirements, weight could
increase by at least 30 to 40 kg. This will result in a fuel
economy penalty of 2 percent.

The microscopic detail of changes made by the States to local
speed limits, delays induced by traffic control devices, random
breath testing and =0 on will net be addressed.
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3. PROJECTIONS FOR FUEL ECOMOMY TO 2005

This Section provides an estimate of the outlook for HAEFC to Z005
under the Product Plan and the Maximum Technology Scenario,
including estimates of fuel consumptlion by target year and class
of vehicle.

The forecasts of fuel economy by market class are dependent on
the estimates utilised for the fuel economy potential of each
technology,; the potential for synergy between technologies and
constraints on additivity of economy between different
technologies in the same vehicle. These data are &t the heart of
the forecast, and WPZ provides further detail about the
technologies;, their benefits and synergies.

The forecasts of HAFC by target year are dependent on estimates
by target year and class as above, plus the assumed product mix
in each target year.

In this Section, the NAFC estimates are focussed firstly on the
product mix at 1988, which is the base year for estimates of
vehicle registration and transport task throughout the Study: and
secondly on the product mix for 1990, which is the point of
departure for vehicle specification; estimates of technological
development and predictions of fuel consumption by target year
and class.

Table 5.1 summarises the downsizing which has occurred between
1988 and 19%0.

TABLE 5.1: VEHICLE MIX BY CLASS FOR 1588 AND 1530

NN el =
Percent of Total
15988 1990

Mini 3.7 6.2
Emall 23.0 27,2
Medium 29,6 25.9
Upper Medium 34.1 In.3
Sports 2.6 3.5
Luxury 2.7 3.6
Upper Luxury 4.1 3.4
Total 100 100
oA o S EES o eSS
5.1 HAFYC REDUCTIONS UMDER TEE FPRODUCT PLAN

The Product Flan envisages fuel consumption by wehicle class and
target wyear as shown in Table 5.2, It should be neoted that the
clags specific fuel consumption estimates are based on
forecasting technical development from a 1%30 technology base.
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TABLE 5.2: ADOFTED FUEL COMSUMPTION (1/100km) BY TARGET YEAR
AND VEHICLE CLASS - PRODUCT PLAN 1985-2005

Class 1980 1995 2000 2005
Mini 6. 40 6.26 5.B4 5.42
Gmall T.70 7.41 6.69 6.3%
Med i um 800 g ,84 8.30 7.72
Upper=-medium 10.60 10,45 9.70 9.14
Sporta B.20 7,97 7.54 T.11
Luxury 10.20 2,73 9.07 B .40
Upper Luxury® 10,50 10,50 9.7E 9. 06

Hote;: Table does not inclode effect of new amission/safety
standards that may be imposed beyond 1995,
¥ Hot calouwlated bot assumed to follow same trend
as for luxury class.

The sales mix at 1988 (Table 5.1) was applied to the results of
Takble 5.2, in an attempt to match the FCAI HAFC figure of 9.1%
1/100km for 1988.

As shown by Table 5.3, a result of 9.21 in 1988 and 7.87 at 2005
was obtained, assuming no change to the mix of vehicles. It was
considered that the correspondence was sufficiently cleose to be
ugsed as a base for forecasting HAFC into future years under
different product mixes.

TABLE 5.3: HAFC CALCULATIONS FOR THE PRODUCT
PLAN AND MAXIMOM TECHNOLOGY SCENARIO
FOR 1988 AND 1990 MIX OF VEHICLES

{litres/100 kms)
Applying Emissions

Mix of S5tandards
Vehicle Froduct Maximum Product Maximum
Classes Year FPlan Technology Flan Technology
1988 Mix 1588 9.21 9.21

1590 9,24 9,24

1585 9.05 B.17

2000 8.42 T.27 B.&7 T.48

2005 T.87 6.37 B.10 6.56
1390 Mix 1588 9.21 9.21

1950 9.05 .05

1995 B.BE 8.01

2000 B.24 T.13 B.48 7.34

2005 7.69 6.25 7.9 .43
e e e e R e et S ] —_—m e ————== =_—======
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The figure of 7.87 1/100km corresponds with the FCAT forecast of
8.0 1/100km at 2005. The lower fuel consumption for years 1988
and 2005 obtained by the Study can be explained in part by the
fact that the Study forecast is on a 19%%0 technology base whereas
the FCAI forecast is from a 1988 technology base.

A point made by the FCAI was that future NAFC could reduce if the
mix of wvehicle classesz showed a downsizing of the fleet over the
pericod to 2005. As shown by Tahle 5.1, there was a downsizing of
the new wvehicles purchased since 1%BB, The small and minl clas=zes
increased their market share by 4.2 and 2.5 percent respectively.

Table 5.3 also estimates NAFC assuming a 1990 product mix, 1990
HAFC iz estimated at 2.05 1/100km, and the predicted 2005 figure
ig 7.69 1/100km by 2005, assuming the 1%90 mix continues through
the planning periocd. The FCAI figure for 1990 was not published
at the time of writing this WP.

Comparisons as detailed in Tables 5.1 and 5.3 suggest that a
downsizing which increases mini and small class share by only 3
to 4 percent can produce a drop in national fuel consumption of
the order of 0.2 1/100km or 2.0 percent on 1988 levels.

5.2 HAFC REDUCTIONS UMDER THE MAXIMOM
TECHHOLOGY SCENARIO

The Maximum Technology Scenaric envisages fuel consumption by
target year and wvehicle class as shown in Table 5.4.

TABLE 5.4: ADOPTED FUEL CONSUMFTICM (1/100lm) EY TARGET YERR
AND VEEICLE CLASS -~ MAXIMUM TECHNOLOGY SCENARIO
1995-2005

Class 1580 1585 2000 2005

Mini .40 5.7% 5.13 4.47

Emall T30 6.80 £.03 5,26

Medium 9.00 2.7 7.21 .35

Upper-Madium 10,610 §5.15 B.15 7.14

Spores B.20 7.097 T.14 €.37

Laxury 10.20 .18 g,12 T.08

Upper Luxucy® 10.90 9.91 4.77 7.63

Hote: Table does not include the effect of new safetyfemdission
standazda that may be imposed beyond 1935,
* Mot calculated but assumed to follow the same troand
a3 for luxury class.
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Referring again to Table 5.3, the NAFC under the Maximum
Technolegy Scenario varies depending on whether 1%88 or 1990
product mix is assumed. If the 19%88 mix is used, and estimated
year 2005 NAFC of 6.37 1/100km is obtained, while the 1990 mix
produces an estimated 6.25 L/100km at 2005,

Because 1988 is the baseline for the Study, the discussicn
henceforth will concentrate on that preoeduct mix. However, it
should be remembered that the change in product mixz up to and
beyond 19%0 has already produced an approximate 2 percent
reduction below the forecasts based on 1988,

At 1995, the estimated WAFC under the Maximum Technology Scenario
is 8.17 1/100km, which is 9.3 percent less than the estimated
figure under the Product Plan or an estimated 11.6 percent
reduction from 1390.

The 9.1 percent difference between the two scenarics at 1985 is
wholly attributable to calibration improvements so that
Australian vehicles match the U.5. wvehicles’ fuel economy
equivalent.

By 2005, NAFC is reduced to 6.37 1/100 km, a 31 percent decrease
from 1%9%0 levels. After the 9 percent improvement due to
calibration abovementioned, the remaining 22 percent improvement
iz understood to be consistent with the expectation of Watson
{1991) who has examined specific Australian car models and their
scope for improvement.

5.3 HMAFC PENALTY FOR ADDITIOMAL SAFETY AND EMISSION
CONTROLS AT 2000 AND 2005

Based on the estimates of fuel ceonsumption penalty due to
additional weight described in Section 4.5, the following fuel
consumption penalties for safety and emission contrels to US 1934
standards were adopted:

FPercent
Alr bags B 0.7
Side intrusionfrollover 1.4
1983 US emission standards .0
1984 U5 emission standards 0.8
2.9

Calculation of NAFC for product plan scenario with emission
controls appears in Table 5.3. The adopted fuel consumption for
2000 and 2005 were multiplied by 1.029 to account for safety and
emission standards equivalent to U5 139%4/5 levels. The emission
controls increase the NAFC by about 3 percent for all scenarios.

5.3.1 Conclusion
Adjustment of the NAFC projections shown in Takle 5.3 to account
for US 1994 safety and emissions standards would cause year 2005

fuel consumption to increase from 7.B7 te 8.10 1/100km under the
Product Plan Scenario, and from 6.37 to 6.56 1/100 km under the
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Maximum Technology Scenario (applying 1988 mix).

Assuming that the current downsizing of the fleet persizts
through to Z005, an MAFC of about €.5 1/100 km may be the lowest
attainable if new emissions and safety legislation are imposed.
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6. ACHIEVING HAFC TARGETS THROUGH TECHNOLOGY
AND PRODUCT MIX

The Brief reguires that an estimate be made of the actian
required to reduce WAFC to targets of 6, 7, 6, and 5 1/100km at
2005.

As discussed above, it seems clear that technology will provide a

path to reduce MAFC to 6.5 1/100km in that year, There are two

further options:

a policy action to downsize the fleet;

o placing a cap on acceleration performance and taking part of
the existing power of larger and more powerful wvehicles in
additional fuel economy.

6.1 DOWNEIZING TO ACHIEVE FUEL ECONOMY

During meetings with manufacturers, it was suggested that
increasing minicar market share was likely; given their low
prices and the entry of a large number of new models. It was
estimated that mini car market share could rise to 10 percent or
higher, a near doubling of the & percent figure applicable to
1990.

At 10 percent market share, MHAFC would decrease from €.25 L/100
km te 6.17 L/100km, assuming that all other classes lost market
share proportionally.

Thus to reach a target of 6.0 1/100km, additional pressure will
be necessary to encourage/enforce downsizing.

6.1.1 Regquired Product Mix in the Fresence/Absanca of
Additional Bafety and Emission Controls

Table 6.1 identifies a mix of classes chosen arbitrarily to
illustrate the extent of downsizing necessary to achieve 6.00
1/100km at 2005; both with and without U5 1994 safety and
emissions controls.

In choosing the arbitrary mix, it was considered impractical to
assume that all luxury vehicles will be eliminated from the
fleet, and this guesstimate assumed that a reduction of up to 50
percent penetration in upper luxury and luxury classes would be
the maximum achievable,

Once that assumption was made, wehicles were simply moved out of
classes to the class above progressively until a NAFC estimate of
6.0 1/100km was cbtained.

The Table shows that there is a sgignificant shift of all classes
required to achieve .0 1/100km, with the mini class share
increasging in the order of three times. FRefer Section 6.3 for an
explanation of the acceleration cap.
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TABLE 6.1: EFFECT OF EMISSION ANMD ACCELERATION STANDARDS ON
MAFC BY VEHICLE CLASS FOR MAXIMUM TECHNOLOGY
SCEMARIO AT 2005

- - e e e i o

2005 {1}
No Emissiona Standards| Emissions Standards
|
| |  Accelaration Cap
Fercant | Fazcent | Fercent
of Vahiclae Litraa | af Yehicla Litres | of Vehicle  Litres
| |

Class 100 kms Clasa 100 kms Claas /100 kms

mini 15.1 4.47 | 21.1 4. 60 | 20.5 4.6l
small £6.8 5.26 | 26.5 5.41 | 2E.% 5.41
medium 27.3 6.35 1 28.3 .53 | 2E.2 £,53
up mediam 21.4 T.14 | 15.5 7.35 | 16.1 T.27
aporta 3.5 6.37 | 1.5 E.55 | 3.5 G6.4%
luxury 3.5 T.06 | 3.5 7.26 | 3.5 T.1%
uppeET luxury 2.3 T.63 | 1.5 7.85 | 1.6 T.77
Welghted
Average 6.00 E.00 6.00
Hota: i1y 2005 figure moltiplied by 1.029% to account for safety and
emliassion standards eguivalent to US 1954/5 levels.
6.2 INTRODUOCTION OF DIESEL ERGINES

As discussed in WPZ and Section 4.2, diesel engines can provide
enhanced fuel consumption at a penalty of about 5 percent
refining loss.

At present, the Australian fleet contains enly less than one
percent of diesel powered passenger cars, compared with up to 15
percent in some countries of Europe.

To test the effectiveness of encouraging the introduction of
diesel engines into the Maximum Technology Scenario (from a fuel
economy point of view), an estimate of the classg specific fuel
consumption was prepared. The estimate assumed an B0 percent
penetration of turbocharged prechamber diesel engines into all
classes, except sports where this would be inapplicable.

The results summarised in Table 6.2 take inte account the fuel
consumption both before and after the refinery penalty.
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TABLE 6.2; ESTIMATED CLASS SPECIFIC FUEL CONSUMPTION
{1/100km) B0 PERCENT DIRSEL PENETRATION
- MAXIMUM TECHWOLOGY SCENARIO, 2005

Eefinery Penalty(l)

T T D S v oy e e e e e

Vehicle Class Without With
Mini 4,02 4,22
Small 4,73 4.97
Medium 5.59 5.87
Upper medium 6.15 6.46
Luxury 6.07 6.37
Upper luxury .58 6.91

Nota: 1. Factor of 1.05 used to account for refinery penalty.

Comparison between these results (with refinery penalty) and
those fer 100 percent gascline engines provided in Table 5.4
under the Maximum Technology Scenarioc shows that an 80 percent
substitution by diesel engines would produce 5.6 percent
reduction for mini class vehicles and 9.8 percent reduction for
luxury vehicles. A linear interpolation between (0 percent
substitution and 80 percent substitution is walid.

For a 15 percent penetration, the saving is only of the order of
1.1 to 1.8 percent, which is considered insignificant.

1

Accordingly, it was concluded that substitution of diesel engines
for gasoline engines at any realistic level was not likely to
make any significant difference to fuel economy, if the refinery
penalty is taken into account.

6.3 PLACE A CAP ON ACCELERATION PERFORMANCE

WP3 considers the nature and type of action necessary to place a
cap on acceleration performance., Broadly, it was concluded that a
period of 10 seconds was the necessary minimum for cars to
accelerate from 0 to 100kph.

It is possible to reduce NAFC by discouraging the acguisition and
use of cars with better acceleration performance (i.e. lower
peripd).

The "maximum technology" scenario helds performance near constant
at 19%0 levels. However, it should be noted that several
Australian car classes offer very high levels of performance in
"family™ cars relative to the U.S5., and relative even to 1388
Australian levels.

In particular, the upper-medium category offers two products, the
Ford Falcon/Fairmont and the Holden Commodore/Berlina, that offer
0=100 km/hr acceleration times under B seconds. Most cars in the
small and medium car classes typically have acceleration times of
10 to 11 seconds with a manual transmission, about 0.5 to 0.8
geconds more with an automatic transmission. RAutomanufacturers
have suggested that Australian cars need higher performance level
because of the extensive peopularity of trailer towing in



35

hustralia.

Typically, a 10 percent increase in power-to-weight ratioc results
in a 2.5 percent increase in fuel consumption. It appears
possible to decrease power-to-weight ratic by 10 percent in all
classes except the mini-car class, and an additional 10 percent
is possgible in the upper-medium and luxury class {(for a total of
20 percent). This would place all cars in the acceleratioen
performance range of 10 to 12 seconds for 0-100 km/hr.

A simple calculation shows that this leads to a net 3 percent
reduction in NAFC, possibly at some expense to COnsumer
satisfaction.

However, it does represent one way to reduce NAFC to (nearly) 6.0
1/100km (refer Table 6.1} without introduclng arbitrary
downsizing.

6.4 CONCLUSION

For gasoline powered vehicles, downsizing the fleet is about the
only way to reduce MNAFC, after all technelogy factors have been
implemented. As shown elsewhere, this will not happen under the
Maximum Technology Scenarie, by the action of market forces
alone.

Substitution of gasocline engines by diesel engines at any
realistic penetration (taken to be 15 percent) would produce
ingignificant gains in fuel economy (less than 2 percent).
Placing a cap on acceleration performance offers a petential gain
of about 3 percent, while introducing US 1994 emission/safety
standards will induce a penalty of about 3 percent.

However, if all technical, substitution and performance
possibilities were addressed in pursuit of fuel economy, and
emission/safety standards held at the 1583 levels, it may be
possible to reach 6.0 1/100km without resort to downsizing.
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AFPPENDIX A

VEEICLE CLASSES BY MAKE, MODEL AND TYPE OF BODY, FOR PMVs SOLD IN
1988 AMD 1990.(1) - 1 of 4

e e ]

Total FMVs
Maka Modal 1588 1590
T e e e e e R e e e e e
MINI:
Diahatsu Charade 2006 B304
Suzuki Swift 524 3062
Hyundai Excal 5327 57HE
Holden Barina 4481 7906
Mazda 121 1845 1785
Lada 1300 Bo&
Fiori 53
Mira 119
F5M Miki 534
Lada Cevaro T3
TOTAL MINI 15083 28520
SMALL:
Holden Astra B595 111
Holden Hova 6378
Holden Applause 3130
Mitsubishi Lancer 761 7437
Mitsubishi Colt T1lEG 3517
Honda Ciwvic 4491 5074
Toyota Corolla/Tercen 23586 30350
Toyota Corglla 4x4 1170
Holden Gemini 52
Lada Samara £90
Ford Laser 28031 33228
Mazda 323 2482 5453
Nissan Pulsar/Prairie 16039 27577
Subaru Leone 3054
Other 2
TOTAL SMALL 92885 125807
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VEHICLE CLASSES BY MAKE, MCDEL AND TYPE OF BODY, FOR PMVe SOLD IN
1988 AND 1990.(1) - 2 of 4

P L U

Total PMVs
Make HModal 19e8 1950

f——— e ——————————— e e

MEDIUM:

Alfa Romeo 33/5print 4749

Holden Apollo/Camira 14702 B0
Toyota Camry/Corona 30273 3le2l
Toyota Camry & 830 1257
Mitsubishi Cordia/HNimbus G368 e4q7
Mitsubishi Cordia Turbo 124
Mitsubishi Galant 2301
Fiat Regata 132

Ford Telstar 10&e79 4583
Ford Caorsair 7632
Mitsubishi Magna 405148 31808
Mazda 26 3841 TEE5
Higsgan Pintara 11615 13688
Mitsubishi Sigma 215

Honda Accord 2408 3036
Hyundai Sonata 108%
Hyundai Sonata 368
Subaru Liberty 30390 5221
Other &
TOTAL MEDIUM 119644 119892
UPPEER MEDIUM:

Holden Commodore & L5083 56544
Halden Commodore B 2585 749540
Ford Falcon/Fairft & E&9382 EEEET
Ford Falecon/Fairft 8 13
Nissan Skyline 10778 7701
Toyota Lexcen B73e
Other 8 2
UPPER MEDIUM 137816 13%900
SPORTS CAR:

Honda Frelude 3515 1724
Honda Integra‘\CRX 1787 2470
Ford Capri 4413
Toyota Celica 30497 4872
Toyota MRZ 399 346
Missan Gazelle/Exa 1523 g44
Mazda BX7 278

Mazda Mx5 li4b
TOTAL SPORTE CAR: 105949 16115
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VEHICLE CLASSES BEY MAKE, MODEL AND TYPE OF BODY, FOR PMVs SOLD IN
1988 AND 1990.(1) - 3 of 4

Total FMVe
Maka Modal 1988 1590
. - ______ _ ________}
LUXURY :
Audi B0 25 275
Alfa Romeo 33TI 176 183
Citroan B 104 154
Vi Golf 96
Toyota Cressida 2176 3498
Ford Fairlane 4698 5774
Holden Statoesman 2173
Mazda 929 29
Nigsan Maxima 154&
Peugeot 205 241 T0
Peugeot 445 525
Peugeot SLI/GTI 120
Rover 416 B4 6 54
Saab 300 857 415
Valwa 2410 1874 1048
Valwvo 360 14
Dther 18 4
TOTAL LUXURY 10983 16415

UPPPER LUXURY:

Mizszan IN0C/3I00ZX 150 642
Alfa TE/S0GTV 305 170
Alfa 164 161
Audi BOSD 145

Audi LO0D/200T 139

Audi v e 547
BMW 3181/3201 379 2452
BiW J25E/ 3251 414 165
BMW 5 series E78 1070
EMW 7T meries 486 317
Fiat Croma 44

Toyota Crown 25

Toyota Supra 243 85
Tayota Lexus 248
Jaguar/Daimler 1055 500
Honda Legend 1412 B3Y
Holden Caprice 471
Ford Ltd. 836 748
Mazda 929 & 2227 1515
Mazda Rx 7 127
Mercedes 1908 £ 50 314
Mercedes 23I0E/TE Sed

Mercedes AC0s 531 1604
Mercedes 260E/300E 1222

Mercedes 420/560 542

Mercedes 5 Class 26
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VEHICLE CLASSES BY MAKE, MODEL AND TYPE OF BODY, FOR PMVs SOLD IN
1988 AND 1990.(1) - 4 of 4

Total PMVa
Makea Modal 1988 1930

Maserati ie
Peugeot 505 5/Wagon 129 13
Rover B25/827 208 143
Porsche 3040 322
Fenault 21/25 136 3
Saab 900T/9000 1107 Ba3
Vol 740/ 760 19630 1531
WO Cabrisclet 11
Ferrari 55 11
Folls Royce/Bently 56 B9
Othars 111 158
TOTAL UPPER LUXURY 16713 15857

Source: PAXUS Australia Pty Ltd, Bulletin - New Motor
Vehicle Registrations, 1988.

Mote: (1) There are no PMV derivatives included in thizs table.
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CORTEXT

Within the context of developing a comprehensive policy response
to the Government’'s planning target teo reduce greenhouse gas
emiggion, the Department of Transport and Communicaticons acting
in concert with a number of other government agencies
commisgsioned Welson English, Loxton and Andrews Pty. Ltd. (NELA)
to assess the potential to reduce fuel consumption by new
passenger cars sold in Australia.

Interim information 1s being presented to the Steering Committes
by way of a series of seven Working Papers as follows:

Working
Paper No. Title
1 Avallable Options for Fuel Efficient Technology
2 Tachnical Feasibility of Introducing Fual Efficient
Tachnology
3 Economic Feagibility of Introducing Fuel Efficient
Technology
4{a) Jutlook for Fuel Consumption
4 (b Implicaticns of Likely Directions in Other Hotor
Vehicle Design and COperation Regulations
5 Report on International Conference on Tomorrow’s
Clean and Fuel-Efficient Automobile, Berlin,
25-28 Harch 19981
& Review of Puliﬂy Instruments Available to
Governments
7 Impact Analysis - Frocess and Procedures



1. INTRODUCTION

Fuel economy improvements in cars can be accomplished in two
basic ways - first by reducing the size or performance of the
car, and second, by improving the technology of a car. The first
gption obviously impacts the attributes that consumers desire in
a car, and &8 wide variety of choices in size and performance
levels are available in Australia. Hence, the firsgt methed is
conceptually identical teo moving consumers into smaller models
already available in the market. 5Such a move involves forcing
consumers to buy vehicles different from one’s they would
normally choose, and does not involve any techneological
guestions.

The second, improving technology to enhance fuel economy, is the
topic considered in this report. It is possible to increase fuel
economy significantly by upgrading wvehicle technology without
impacting consumer attributes that are defined as interior room,
acceleration performance and accessory options such as automatic
transmission, power steering and powsar brakes.

This report documents the technologies that can be used to
improve the fuel economy of Australian wvehicles. The
documentation provides an understanding of the technology and the
engineering basis for its estimated fuel economy benefit, as well
as a documentation of the scurces of data from which the benefit
was estimated. Most of these technologies described in the
report are already available commercially in some cars and their
fuel efficiency benefit can be (in some cases) estimated from
comparisons of otherwise identical wvehicles with and without the
technology.

Unfortunately, such comparisons are rarely possible because of
differences in the attributes of cars as well as the fact that
multiple technologies are usually incorporated into new models,
making it difficult to estimate the benefits of each technoclogy.

An underlying assumption behind this analysis is that cars and
technologies are similar throughout the world, and that data
derived from U.5. cars are applicable to cars in Australia. If
the techneology benefits are carefully referenced to baseline
technologies, this can be proved to be true as the same laws of
physics hold. Moreover, the car is a very mature product and
cars the world over are technologically guite similar.
Adjustments for Australian emissions and safety regulations will
be necessary, since these do impact fuel economy and the
applicability of certain specific engine technologies.

EEA has collected data over the last decade on specific
technological improvements possible to enhance fuel economy from
a wvariety of scurces. The Society of Automotive Engineers
publishes a large number of papers on individual technologies;
however, the technology data may not be specific to an actual
vehicle application. The best spurce for detailed wvehicle data
has been through the U.5. Corporate Average Fuel Economy {(CAFE)
program, where manufacturers were reguired to submit data te the
U.5. Department of Transportation (DOT).



Over the years, EEA has obtained access to thesze submissions and
they are extensively referenced in this repert, EEAR has also
held several meetings with all of the world’s largest
manufacturers in Japan, Germany and the U.5., and direct input
obtained from the technical staff has been utilised in this
report. Lastly, the trade press is also a source of useful

information on this topic.

Secticon 2 of this report provides an overview of the calculation
method used to forecast fuel economy improvements when one or
more new technologles are used to improve a vehicle., Sections 3
through 9 describe the range of technologies available to improve
car and light truck fuel economy.



2. METHODOLOGY TO CALCULATE BENEFITS
2.1 OVERVIEW

The fuel sconomy behaviour of a vehicle is dependent not only on
the individual technologies employed on a vehicle, but also in
how they are applied, and to some extent, what other technologies
are present simultanecusly. As noted in the introduction, the
fuel economy benefit due to technelogy changes to a given
automobile is always calculated on the basis of holding vehicle
gize as measured by interior wvolume, and vehicle performance
constant. The second term i8 more complex to define, but each
technology that affects the power, torgque or weight of the
engine/vehicle is examined in detail, and the appropriate set of
tradecffs to measure fuel economy benefit on a coenstant
performance basis are identified and defined.

Individual technology benefits are defined relative to a base
technology and are estimated in terms of percent benefits to fuel
economy. If the technology represents a change to a continucus
variable e.g9., weight, the impact of a specific (e.g. 10) percent
change in the wvariable a fuel economy is estimated. If the
technology represents a discrete technology, the percent benefit
for that technelegy is defined relative to replacing a base
technology (e.g., 4- wvalve engine over Z-valve engine) holding
the size and performance parameters constant, Table 2.1 provides
a list of technologies documented in this report and the baseline
technology against which benefits are measured.

0f course, no technology will be used in isclation and
synergistic and non- additivity constraint must be recognized.
Non-additivity is handled simply by recognizing the fact that the
sum of market penetration of two non-additive technologies can
never exceed 100 percent, i.e., both technologies cannot be
present in the same car. Synergy is recognized from engineering
analysis which identifies technologies that simultaneously
contribute to the reduction of the same source of energy loss.
The computaticnal methodology uses a linearised form of the exact
engineering equation, and it is described below.

Clearly, the method is an approximation to make the calculations
relatively simple, yet yields results that have been accurate to
gl.2 MPG, historically. In projecting a maximum technology
boundary case for the post=-2000 time frame it is believed that
these approximations could cause larger errors and a more
rigorous engineering model is required. The current model is
described baelow.

2.2 ENGINEERING MODEL

The model follows the work cf Er:n*.lrra.n:'l"Irg whoe produced a detailed
analysis of tractive energy reguirements on the EPA fuel economy

test schedule, l.e., the city cycle and the highway cycle., FEach
driving c¢ycle specifies speed as a function of time.



TABLE 2.1: TECHNOLOGY DEFIMITIONS
Technology Definiticn
Front Wneal Drive Benefita include effect of welght

reduction and engine aize reductcion
starcing from a late=-1%70'a rear-wheel
drive vintage deaign.

Drag Reductlon I Based on CD decreasing from 0.373 in
1987 ko 0.335 in 1995, ocn avecage.

Drag Reduction II Based on CD decreasing from 0.335 to
.30 im 2001, on average.®

Torque Converter Lock=up Logk=up in gear Z=3=4 compared to open
converter.,
4-Spaed Auto Transmisaion J-apeed autc transmission at same

perfocrmance level.

Electronic Tranamisaion Control Over hydraulic system, with electronig
control of shift achedule and lock=up
of torque converter.

Aocessory Improvemsnts Improvements Lo power stearing pump,
alternator, and water pump over L5987
baseline,

Lubricants (SW=-30) Over 10W-40 oil.

Overhead Camshaft QHV engine of 44-45 BHP/litre replaced

by OHC engine of 50-52 BHP/litre but
with amaller diaplacement for conatant

performance.,

Boller Cam Followers Over sliding contact follower,

Low Friction Pistons/Fings Over 1%87 base (except for select
engines already incorporating
improvemsnt) .

Throttle Body Fuel Injection Over carburettor {includes air pump

elimination effect).

Multi-Polnt Fuel Injection Ower carburettor. Includes effect of
tuned intake manifold, seguential
injecticn and reduced axle ratic for
gonstant performance.

§-Yalwve Engine (OHC/DOHC) Over two=valwe OHC engine of edgual
pecformancse. Incsludas effect of
displacement reduction and compression
ratio increase from 5.0 te L0.0.

* To exploit the benefits af drag redustisn, the Ecp gear muat hawve
a lower (numerical) ratis to account for the reduced asrcdynamic horsepower
requl rement



TABLE 2.1: TECHNOLOGY DEFINITIONSE - Continued

Technology Definition

Tiras Cwer 1987 tirea, dee to improved con=
strugtion.

Intake Valve Control- Lift and Phase Control for intake

valves. Includes effect of engine
dewnsizing to maintaln constant performance.

Advanoed Frlectlon Reduction Includes composite cam road, titanium
valwve springs, light weight reciprecating
components .

The force regquired te move the wvehicle over the driving cycle is
eagsily derived from Newton®s laws of motion:

F=Hde/dt + R + D
whare F = the forece redgquired
M = the wvehicle maas
dw/dt = the acceleraticn rate
R = the tire rolling resistance
I = the drag force

From the knowledge of phyalea, it can be shown that:
F = Mdv/dt + gMCRV + CD APV -- (1)
2

where CH ia the rolling reaistance co-effisieant
Ch i3 the drag coefficient
- are the gravitational acceleration and air denality
respectively.
¥ is the vehlele spesd

Over the fuel economy test, V 1z specified as Vi(t)l, and the
energy required is the integral of
E= F.ds = F. V., dt,

In the car, energy is provided only when F is greater than zero,
while energy during deceleration is simply lest to the brakes.

Taking these factors inteo account, Sovran and En::hn2 ghowed that
energy per unit distance (3)

E/f§ = a MCR + b CDR + ¢ M === (2}

where a, b and ¢ are constants virtually independent of wvehicle
characteristics, but are different for the city and highway
cycle. 1In essence, each term represents one component of the
total force, the first representing epergy to overcome tire
rolling resistance, Egs the second to overcome aerodynamic drag,
Esr, and the third teo supply kinetic energy of acceleration, Ek-
In the absence of acceleration {during steady speeds) Ey ig zaro.
Figure 2.1 shows the drag and the rolling resistance forces for a
typical car at steady state cruise, as well as the driveline loss
described below.



savranlf also related tractive energy to fuel consumption by
adding the work regquired to drive accessories, and the energy
wasted by the engine during idle and braking. He defined the
average engine brake specific fuel congumption over the test
cycle as bsfc, and derived the feollowing eguaticn

FC = bafe [Ex + BA + Ek] + bafz EAC + @1 (ti + EB} ...... (3}
17-&
where ¥] & is the drive train efficiency

E is the accessory enargy consumption
Gy the idle fuel conaumption cate
Eyety tha time at idle and braking in

the teat cycla.

The above equation shows that reductions in relling resistance,
mass, drag and accessory energy consumption, and idle fuel
consumption cause additive reductions in fuel consumption.

The engine output energy is supplied to match the tractive energy
requirements. If total energy reguired is defined as

E= 1_[EA+ ER + Ek] + EAC . . . (4)

7:&
then E = BHPF.t (engine power output)

Engine output power can be further decomposed to provide explicit
recognition of engine internal losses. There are no conventions
regarding the nomenclature of such losses. In general, the
engine has two types of losses, one arising from the
thermodynamic efficiency of combustion and heat recovery, and the
second due to friction, beoth mechanical and aerodynamic.
Aerodynamic frictionm is more usually referred to as pumping loss.

A third component that is sometimes excluded from the engine
efficiency equation is the power required to drive some internal
accessories such ag the oil pump and the distributor. Items such
as the water pump, &lternator and fan are usually (though not
always) classified under accessory power reguirements. In this
analysis, power for all accessories - both internal and external
- are classified under accesscry power reguirements, and the
following relationship holds:

BHP = IHP (L - F = Fg} , . . [5]
Where IHF is power genecdted by the positive preasure in the cylinder

F is the pumping losa fraction
Fr is the mechanical friction leoas fraction
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Since fuel consumption, FC, can be written as

FC = bsfc.BHP.C = isfc.IHP.tL

bsfe = isfe . e (6]
(1-F=-Fr}

Substituting equation (&) into (3) we obtain

FC = isfc [ER + EA +Ek +7¥]d Eac]
1-P-Fr
+ Gi [ti + th] lll!illl{1j

The isfc is principally a function of combustion chamber design
and compression ratio of the engine, and to a lesser degree, the
air fuel ratic. Since nearly all cars gperate at stoichiometry,
the air fuel ratio is currently not a factor but could become one
if "lean-burn" concepts are utilized.

Pumping losses are dependent principally on the relative load of
the engine over the cycle. The larger the engine for a given car
weight, the lower the load factor and the higher the pumping loss
due to throttling. Pumping losses are also incurred in the
intake and exhaust manifolds and valve crifice. The use of tuned
intake and exhaust manifolds, and greater wvalve area (e.g. by
utilizing 4 wvalves/cylinder) reduce pumping losses. LOosSses other
than throttling loss are not unimportant in the contribution to
overall pumping loss.

Engine mechanical friction is associated with the wvalve train
losses, piston and connecting rod friction, as well as the
crankshaft friction. At low RPM, valve train friction is quite
large as a percent of total frictien, but decreaszes at higher
RPM, while piston/connecting rod friction increases rapidly with
increasing EREPM. Total engine friction increases non-linearly
with engine RPM.

Idle fuel consumption is also affected by changes in engine
parameters. At idle, all of the fuel energy goes into driving
the accessar;es and overcoming pump;ng and friction lass, since
there is no output energy regquirement. Hence, decreases in
pumping loss or mechanical friction result in much larger
. percentage reduction in fuel consumption at idle than at locad.

Mitsubishi data on the general components of friction of the
engine is shown in Figure 2.2. The pumping loss shown is due to
internal airflow and not due to throttling. At closed throttle
idle pumping loss is approximately egual to frictiomal loss.

Equation 7 also shows the general structure of the calculation
procedure. A simple differentiation of (7) vields:

diFC = diafec) + _ P « gB 4+ Fr . dFz

e iafec 1=p=Fc B 1=p=Fr Fr
+ E."!. " - . dE:' L B {B]
EI..+ER+E1: + E’. En
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where each derivative is expressed as a percentage change. Thus,
a one percent change in isfc translates to a one percent change
in fuel eccnemy, but 2 one percent change in pumping loss must be
weighted by the fraction that pumping less is of total output
energy. Similarly, aerodynamic tractive energy change must be
weighted by the fraction that aerodynamic energy loss is of total
tractive energy.

Two observations are required at this peint., First, equation (B}
azsumes that the vehicle can be recptimized for any change, 80
that engine variableg are not affected by tractive energy
requlirements. As pointed out by Sovran, thisg is not always
possible.

For example, aercodynamic losses are near zero at low speed but
high at high speed. Hence, an engine cannct be simply downsized
as aerodynamic loss is reduced, since the smaller engine will not
have enough power at low speed. As a result, a higher gear must
be added along with engine downsizing to achieve a correct
compromise. In theory, it is possible to reoptimize the entire
drivetrain, but in practice compromises cause significant losses
in fuel economy from the attainable maximum. In the long run, as
for 2010, some factors can indeed be optimized teo yield the full
predicted value, while other factors cannot. For example, it
appears unlikely that predicted friction loss reduction related
fuel savings can be cbtained as the engine cannot be downsized to
the point where low speed torque is compromised. On the other
hand, rolling resistance decreases may provide the predicted fuel
gsavings as its effect is felt uniformly throughout the speed
range.

2.3 CALCULATION PROCEDURE

Methods to increase the fuel economy (reduce fuel consumption)
must rely on reduction of energy contributed by each of the terms
shown in Equation (7). Eguation (B) is useful if the change in
factors is small; but not applicable for the large changes.
Focusing on the terms in egquation (7) it is easily seen that fuel
consumption is decreased by:

decreasing friction and pumping loss;
decreasing weight;

decreasing drag;

decreasing rolling resistance;
decreasing accesscry power consumption;
decreasing idle fuel consumption

o000 00

Of course, a given technology can act on more than one of these
factors simultanecusly. Table 2.2 shows the relaticnships
between individual technologies and the terms listed in eguation
(7). Drivetrain efficlency; d is not mador facteor in the
benefits associated with multi speed transmissions; rather, the
reduction in pumping and frictional losses are the biggest
factor.
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FIGURE 2.2: FROPORTION OF ENGINE FRICTION DUE
TO VALVE TRAIN
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It should also be noted that all engine improvements affect idle
fuel consumption, 8o that idle consumption can be approximated
as:

FC = igfc J[ER + EA + ERK v qd (EMC % EXJ) .« - - {#)
T a [1-B-Fr]

where EI is an "eguivalent" energy at idle to drive the
accessories and torgue ceonverter. EI is simply a mathematical
artifact to make the analysis simpler for forecasting.

The relaticnship between fuel consumption and vehicle wvariables
can be derived from equation 7 in exact terms if the co-
efficients are evaluated for the FTP and HIGHWAY driving cycles.

In fact, Sovran utilized a detailed evaluation of these cycles to
derive the sensitivity of fuel consumption to wvehicle weight,
aercdynamic drag and tire rolling resistance coefficient. The
general characteristics of the two cycles are shown in Table 2.3,

One striking factor is that nearly 41 percent of the time on the
FTP is spent in deceleration or at idle. In comparison, less
than 10 percent of the time on the highway cycle is spent in
braking or at idle. This difference, ccupled with the different
speeds and average acceleration rates in each cycle, leads to
substantially different sensitivities between the two cycles.

In order to evaluate the sensitivity of fuel consumption teo
changes in vehicle parameters, information is required on the
fuel consumption at idle and braking as well as the fuel consumed
by driving accessory loads. Sovran utilized data on 1579/1980 GM
cars and found that idle and braking fuel consumption was
proportional to engine size.

As an approximation, he assumed idle + braking consumption te be
a2 constant fraction of total fuel consumed and estimated this
fraction at 16 percent for the FTP and 2 percent for the highway
eycla. He utilized a similar assumption for the accessory fuel
consumption fraction, holding it constant at 10 and 9 percent
respectively.

This is equivalent to the approach in Eguation (9) where the term
[EAC + EI] . bsfec is replaced by a constant, Utilizing thess
assumptions, he derived sensitivity coefficients that were
dependent on the drag to mass ratico and the relling resistance
coafficient. Using typical value for the average 1988 car, with
a mass of 1400 kg (3100 1b), CD of 0.37, frontal area of 1.9 mZ
and tire rolling resistance co-efficient of 0.01, the fuel
consumption sensitivity coefficients are as follows:

= (.28
Weight= 0.54
EH = .24

The weight reduction sensitivity co-efficient above does not
incorporate the effect of engine downsizing, which reduces
idle/braking fuel consumption proportionally. The coefficients
agsume that the engine and drivetrain are adjusted to provide
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TABLE 2.3: FUEL ECOMOMY CYCLE CHARACTERISTICS
Dxrhan Highway

Speed (average) kmh JE.4 77.6
Gpeed (max] kmh 51.5% 9a.48
Distance, km 1Z.0 18.5
Timé at idle (a) 249 3
Tima of braking (s} 31l 87
Total time fer cycle (3) 1373 765

Percant of time at idle
and braking 40.8 5.B4

constant bsfc, (a factor which may not be realized in practice)
but do not account for engine downsizing., Second, the constants
are dependent to a certain extent on the assumptions for the
fraction of fuel consumed at idle + braking, and by accessory
power demands. (The smaller thege fractions, the larger the
sensitivity coefficients).

Table 2.4 provides a summary of the estimates of the EEA
estimated sensitivity coefficlents that is attained in actual
practice, as cpposed to the estimates derived purely from
eguaticen (8). In the application of these coefficients, it
should be recognized that they can be used only for modest
variations for any of the variables involved.

TABLE 2.4: ESTIMATED FUEL CONSUMPTION SEMSITIVITY
COEFFICIENTS (1)

Variabla FC Sensitiwvity EfE Sensitivity
Weight reduction 0.62 (0.54) 0.66
Drag zeduction (CD) 0.22 .23
CR reducticn .23 0.24
Thermael efficisncy 1.00 1.040
Pumping loas 0.23 0.24
Friction loas .23 0.24
Drivetrain efficiency 4.78 n.8l
Accassory POWeEr 0.10 0.11

Hote: 1, Percent redustlion in fuel consaumption per percent reduction in
independent variable.)
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When large reductions of any wvarisgble are likely to cccur the
preferred form of analysis 1s to use eguaticn (7} with a
"slippage"™ factor to account for the fact that theoretical
benefits cannot be attained in actual practice for some variables
of concern.

The methodology used to calculate the fuel economy benefit due to
the applicaticn of any set of technologies to the automobile is
as follows. First, the technology set is examined to identify
which energy use factors are affected, and areas of coverlap are
examined for synergy. Second, the net reduction in each specific
Energy use area are estimated and the benefits to fuel
consumption calculated with eguation (8). In general, synergies
occur primarily in pumping less reduction, with smaller synergies
in the area of friction reduction.
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3. WEIGHT REDUCTION
3.1 ENGINEERING DESCRIFPTION

Cne of the most important determinants of wvehicle fuel economy is
vehicle weight. Lower vehicle reduces the forces reguired to
accelerate a car, which in turn reduces fuel consumption. There
are four principal methods to reduce vehicle weight, namely:

] Conversion to front-wheel drive
o Downsizing

Q Material substitution

o Use of unit body construction

Conversion te front-wheel drive reduces weight because: 1) the
driveshaft and rear axle are eliminated, and 2) a wehicle of
given interior room can have smaller exterior dimensions dus to
more efficient packaging.

Downsizing reduces vehicle weight by decreasing the size. This
process, however, does not conserve interior room for cars, and
results in a loss of consumer uwtility. It is not considered in
this report, since its effects can be simulated as & changed mix
of s1ze classes.

Material substitution reguires the substitution of high strength
steel, aluminum, magnesium alloys or plastics for plain carbon
steel, which accounted for over 45 percent of 19%88 vehicgle
weight. 1In most cases, this involves redesign of the part to
cptimize for strength.

Unit body construction refers to the elimination o£f the
conventional chassis/body structure. Prier te 1978, most
vehicleg utilized a separate chassis that carried all wvehicle
loads, and the body was suspended on the chassis. Unit body
vehicles utilize the body panels as stressed members that carry
the wvehicle load.

Elimination of the chassis results in a 5-8 percent reduction in
vehicle empty weight. Between 1980 and 1983, many U.5. domestic
cars have incorpeorated all four methods of weight reduction
described below. All front wheel drive cars now feature unit body
construction.

Conversion teo front-wheel drive began in the U.3. with the
introduction of the Omni/Horizon in 1978 and the GM X-car in
197%. In general, most of these conversions have maintained
interior volume in comparison to their rear-vwheel drive
predecessors, thus permitting comparisons of fuel economy gains
and cost changes.

Downsizing occurred primarily during the 1975-18%80 era in the
U:.8. Ewven though the exteriors of the cars are now much smaller;
interior volume declined only modestly, (This downsizing does
net account for "mix shift" which is treated separately)., More
recently, cars are being upsized and recent cars have even
increased in exterior dimensions in almost all countries around
the world.
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3.z FROMT-WHEEL DRIVE

In front wheel drive (FWD) vehicles, the engine/transmission
output shaft is directly connected to the front-wheels, and the
most common placement of the engine is in the transverse
position, so that the crankshaft is parallel to the driveshaft.

In contrast, the engineftransmission in rear wheel drive (EWD)

vehicles is placed leongitudinally. The ocutput shaft is connected

to the rear axle by a propeller shaft that runs from the frent teo
the rear. The pair is transmitted to the wheels via the
differential, The advantages of FWD over RWD designs are:

{1) The transverse engine placement allows more compact
packaging of the drivetrain, eliminating the propeller
shaft, differential and rear axle.

{2) The wvehicle's exterior dimension c¢an be reduced
significantly when the engine is packaged transversely,
without impacting passenger room." In addition, FWD
eliminates the hump in the floor reguired to accommodate the
drive shaft,; enhancing legroom.

{3) The drivetrain is made more efficient by the elimination of
the less efficient hypoid gears in the rear drive axle with
the helical gears used in the transaxle. EEA's analysis of
front-wheel drive wversus rear wheel drive compares the
benefits at egual interior volume, Two factors affect fuel
economy - the increased drivetrain efficiency, and the
weight reduction through improved packaging of the car,

DOT had extensively investigated the improvements of drivetrain
efficiency between RWD and FWD designs in the late 1970's and
early 1%80's. They concluded that the reduced drivetriain losses
in the FWD design would lead to a 1.5 percent improvement in fuel
from this factor alone.

The weight reduction afforded by FWD designs over RWD can be
gauged by several methods. The weight of the drive shaft, rear
differential and rear axle weigh 150 to 160 lbs, which is the
minimum weight reduction that can be expected, partially offset
by the transaxle which weight 30-50 1lbs in FWD wehicles.
(Transmission weights are also slightly lower for FWD wehicles).
The minimum net welight reduction of 100=120 lbs is not
representative, as the packaging benefits are more significant.

Cne method to estimate the total weight reduction from FWD is
simply to observe the weight/volume ratics for the current 1986
fleat., Since RWD is used in few cars, simple fleet averages
would be unrepresentative. Rather, the fleet iz divided into
"market™ classes, where each market class conslsts of vehicles
with gimilar interior volume, performance levels and price. (The
last two variables separate market class from size class, as it
allows reccgnition of sports and luxury vehicles).

In general all of the vehicles in one market class are considered
85 substitutable cheoices for a consumer, and wehicle attributes
show relatively small variances among models within a market
classg, with the exception of the luxury class. (Luxury class is
simply defined as all cars costing over 525,000 in 1988, and
incorporates a wide wvariety of models.) Figure 3.1 showgs the
WT/VOL comparison. In wirtually every case the weight of an FWD
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vehicle is 10.5 to 13 percent lower at the same interior volume,
Mo value for subcompact and minicompact cars ig shown since all
cars in these classes were already FWD in 13BE.

The domestic manufacturers had only a& handful of RWD models in
1988, and some of these have been replaced by FWD models by 19381,
Table 3,1 shows the weight reduction available by comparing it
with the actual replacement model weight or the weight of a
similar competing vehicle of near egual volume and performance.

The analysis is dependent to some degree on the cnmpa;{scn,
especially for the sports cars., However, EER does not anticipate
that the Camaro/Firebird and Mustang will be converted to FWD.

For all other RWD vehicles, we have utilized a mean value of 13
percent weight reduction. Some of thig gain is due to the
conversion from body-on-chassis type structure to unit body
construction. The 13 percent weight reducticon potential
translates to a 8.5 percent improvement in fuel economy. The
total benefit of FWD ceonversion for both weight reduction and
driveline efficiency improvement is estimated at 10 percent.
This includes the effect of conversion to unit body construction.

3.3 MATERIAL SUBSTITUTION

Material use in domestic cars changed sharply in the late 1%70's
and early 19%B80’'s, and material substitution was launched with the
new Chevrolet Impala/Caprice for model year 1577. Relative to
previgus cars, the weight of the Chevrolet was lower by 600 to
700 lbs, while interior room was largely unchanged. On average,
the fleet average weight decreased by over 500 lbs in the 197% to
1984 timeframe, Sipnce 1984, the pace of material substitution
has slowed significantly.

In fact, the 1977 Chevrolet was sold through model year 1390 with
only cosmetic updates and very minor changes to material content,
Table 3.2 shows the progression of material use in domestic cars
during the 1976-1%88 period. Between 1988 and 1990 welights of
some cars have actually climbed, due te less weight conscious
design.

In the near term, competiticn between plastics and HSLA will be
intense, and cost considerations will dictate the specific winner
in the ahsence cof regulatory forces. According to Dr. Peter
Beardmore™, most plastic composites are more expensive than steel
in high volume applicaticons, but can be competitive in low volume
specialty applications. The situation is changing rapidly as
plastic structural component manufacturing technoleogy and the
materials evolve to become more manufacturable and meet
consistency reguiremsnts.

In 1%89%, few plastics for exterior panels were in use in the car
market with the sole exception of the Chevrolet Corvette,
Typically, plastics are currently being used in limited
applicationg such as front fascias and spoilers, with fender
applications only in the Cadillac. Of course, plastics are
widely used for interior applications such as the dashboard and
door moldings.
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TABLE 3.1: WEIGHT REDUCTION THROUGH FWD CONVERSION
1988 Comparable
BND Model Body Type ~ Meight — FWD Model Weight Sav
=
Chavrolat Capriece Chasasing 303 Olds HE 3294 10,8
Cadillas Broughan Chasainas 42482 H/A - 15,1+
Camara/Firebird Oaibody 3357 Froba Turbo 2950 11.0
Monte Carlo Chassiss az7o "ES Regal/Supreme 2953 9.7
Tord
Crown Vie/Gd. Marquis Chasais 3TRO Clds %8 3330 12.10
Thundecblzd/Cougar Unibady Az215 ‘B9 Regal/Supreme 2553 8.2
Mustang V=8 Unibody 3190 Frobe Turbo 2990 6.3
Chrysler
Fifth Avenue Chasaisa 3760 390 Fifth Avenus 3215
w Eatimated from similar wvehicle wvolume/wt ratic for Cadillac FWD
TAELE 3.2: WEIGHT REDUCTION THROUGE MATERIAL SUBSTITUTION
Basg® HELA Plamtica Aluminum GRF
Small Car 2150 1821 1794 1561 1467
{15%) {16.5) (28.3] (31.8]
Compact Car 2600 2310 2263 2040 1870
[14.4}) (12.9) (22.5) [28.1)
Large Car 3566 jozz 2374 2781 24239
(15.3) (16,59} (22.5) (312.3]

* Baseline
Small car: Ferd Eacort
Compact car: Cheveolet Citatiom
Large carc: Chevrolet Impala/Caprice
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Plastic components are not yet used for any structural (load
bearing} parts.

Material substitution is likely to accelerate in pace in the

post=1991 timeframe. The major materials considered for

substitution are:

o High strength low alloy steel (HSLA) ;

] Reinforced Injecticon Moclded (RIM) Flastic Components ;

o Sheet-Molding Compound (SMC) for bedy panels with Glass
Fiber Reinforced Plasticy

o Aluminum;

o Graphite Fiber Reinforced Plastics (GRP);

fa} Advanced Composites

Other materials such as zinc and magnesium also will be used, but
in lesser guantities. Costs associated with these materials wvary
by the particular requirement for the component, e.g., stiffness,
bending strength, formability. In general, HSLA is the lowest
cost increment and is compatible with tooling eguipment used for
plain carbon steel. Plastics (RIM and SMC) also are fairly low
in ceost but reguire new manufacturing and finishing technigques.
Aluminum represents & fairly high cost option but alsoc is capable
of producing large reductions in weight. GRP and advanced
composites represent the highest cost opticen and produce the
greatest weight savings.

DOT and GM had published some detailed studies in the early
1980's on the weight benefits and costs of using increased
amounts of plastics and high- strength low alloy steels in the
designs. The studies are still relevant largely because of the
pace of material substituticen slowed in the mid and late 19%80's,
The price of glass-fiber SMC has dropped since the time these
papers were completed from $1.20/1b te 50.80 -~ 0.30/1lb in 15390,
while sheet steel prices have climbed by 15 te 20 percent in
absolute terms over the same period.

oM researchersz found that, at $1.20/1b, the cost per pound saved
using SMC body panels over & range of applications, was 50.30/1b
gaved, They also found a wvery similar cost penalty for aluminum.
In recent times, the cost of penalty of glass SMC designs have
ranged from near zero to 50.20/1b saved; while aluminum has
increased to $0.40/1b saved. {(These figures were derived by
scaling the GM estimates based on 198%/30 prices for materials).
The fact that SMC is being used in some wehicles is proof of its
cost-effectiveness.

The Depgartment of Transportation (DOT) has performed detailed
studies® of welight reductions possible in 3 different size
clagszses of cars for four cases--HSLA dominant, Reinforced
Plastics dominant, Aluminum dominant, and GRF dominant. The
resulting weight reductions are detaliled in Table 3.2. BRlthough
no one case will be representative of any manufacturer’s
gtrategy, EEA believes that the lowest cost materials will be
used first in the 1930- 2000 timeframe.

This indicates that the most likely weight range will like near
those predicted for the HSLA and Reinfocrced Plastics cases. In
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the post= 2000 pericd, Aluminum and GRP may be used in specific
components if the costs can be justified in fuel savings.
Researchers from ALCOAY found even large weight reducticon
potential with aluminum. They reported that an X-bedy car could
have weight reduced from its 2700 lbs (in 1982} to 1550 lbs with
an aluminum intensive design,

The DOT weight savings estimates includes all of the secondary
weight benefits associated with material substitution. For
example, as the weight of the body structure is reduced,; a
smaller engine is required, and the suspension and tires can be
reduced in weight also.

The DOT study used historical data to compute secondary welght
reductions, but many feel that their estimates are too optimistic
to be realized in production as it does not account for the need
to maintain ride gquality, or the inability of drivetrain
engineers to adjust drivetrain parameters to account for all
primary weight changes.

Table 3.2 indicates that a 15 percent welight reduction is
posasible in the near term, bﬂt the industry consensus appears to
be closer t¢ 10 percent. VW' has published recent estimates for
their Golf vehicle (which is representative of most modern FWD
subcompact /compact cars) and concluded that a 10 percent weight
reduction was both possible and likely by 2000. Another
cenfirmation comes from the Automotive Material Conference held
in December 198% where Donald Smith, professor at the University
of Michigan and a panel composed of specialists in the industry
projected weight reduction potential in excess of 225 1lb through
material substitution.

William Risk, president of Autopolymer Design Inc. reported that
existing product programs would increase plastics use from 220 1

in 1988 te 360 lbsz by the mid-1990's. In contrast, the ALCOA

study seems to indicate reductions to levels not supported by
other work.

Hence, EEA has projected a 10 percent weight reduction potential
for all cars in the 19%0-2001 timeframe, eguivalent to an
average weight reduction of close to 300 lbs.
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4. IMPROVEMENTS IN AERODYMAMICS
4.1 ENGINEERING DESCRIPTION

Aerodynamic drag is a resistance force on a moving car’s surface
areas caused by wind intensity and direction. Aerodynamic drag
is a function of a car's frontal area and body shape. The drag
coefficient is a measure of the streamlining of the car body.

The higher the coefficient, the greater the drag; the larger a
car’s frontal area, the higher the drag. Drag-related power
requirements are a cubic functicon of a car’'s speed through the
air. Drag has a minimal effect at low speeds and a strong impact
at high speeds, so that reductien in drag affects highway fuel
aconomy much more than city fuel economy.

Aercdynamic drag cannot be reduced without affecting the styling
characteristics of the automcbile. Since drag depends con body
shape and frontal area, & change in drag characteristics can
impact the vehicle’s interior wvolume and its utility to the
consumer.

For example the drag force could be sgignificantly reduced by
narrowing the car width to accommodate two people per seat
instead of three. However, this would affect the car's carrying
capacity. Streamlining of the wvehicle’s shape is subject to
these limitations, as well as public acceptance of highly
aerodynamic shapes.

Since aerodynamic drag is so inextricably related to wehicle
design, it is not feasible to distinguish the application of
improved aerodynamics from styling in current wvehicles. There is
no gquestion that greater attention is being paid to the wvehicle's
drag coefficient, but this has always been compromised by styling
requirements as discussed below.

The measured of drag co-efficient can be influenced by the
measurement as well as iz the design of the wind tunnel itself,
and some researchers believe that automanufacturer claims for
several models may be based on different measurement methods.

Nevertheless, the only sources of data on vehicle drag co-
efficients (or Cn) are from the manufacturers themselves. Table
4.1 shows the g}ag co=-efficients of several domestic used
impeorted cars in 19E88. Data on the CD of some vehicles
especially those with high drag co-efficients) are unavailable.
From publicly available data on most cars, in combination with
some unofficial estimates for vehicles where data is unavailable,
EEA estimates that the average Cp in 1988 was in the 0.37 - 0.39
range.

4.2 DRAG REDUCTION FOTENTIAL

Since 1986, several vehicles with low drag co-efficients have
been introduced. The first aercdynamic U.5. domestic Car was
Ford’s Taurus/Sable with drag coefficients of (.33, and several
other cars have followed suit. GM's 0lds Cutlass Supreme for
1989 boasts a Cp of below 0.30, and some recent (19%9%0) GM models



TABLE 4.1:

Maka
AMC/Renault
Chryaler
Plymouth
Diocige

Ford
Lincoln-Mercucy
Buick
Cadillac
Chevrolaet
Oldasmobile
Pontiac

NOTES: * With hardeop

DRAG CO-EFFICIENTS

Best Model

Medallion 4-dr.
LeBaron Coupe
H.A,

Daytona Shalby 2
Taurus

Sable

Riviara
Allante®
Camaro Z-28
Calaiz Z-dr.
Trana—-pm**

FOR SELECTED 1988 VEHICLES

&

0.34
0.3
H.A.
0.35
0.33
0.32
0.37
0.34
0.33
0.37
0.35

*% With asro package.

DOMESTIC CARS
Frontal Azea
fsg. ££.} Horat Model
21.2 Alliance 4-dr.
MN.A. Fifth Awvenues
H.A. Horizon
H.A. Camd
22.7 Crown Victoria
22.7 Grand HMacguia
22.3 Regal
22.3 Brougham
H.A. Caprice
20.7 Customer Cruiser Wagon
21.4 Safari Statiom Wagon

¢.39
0.48
0.42
0.42
0.50
0.50
0. 46
0,46
P43
0.a5
0.45

Frontal Azea

{ag. £t.)

20.5
H.A.
H.A.
N.A.
24.4
24.4
24.5
24.5
N.A.
27.4
27.4

BE



TABLE 4.1: DRAG CO-EFFICIENTS FOR SELECTED 1988 VEHICLES - Continued
IMFORT CARS
Frontal Arsa
Maka Bast Model cd (sq. ft.) Worat Modal
Acura Legend .32 N.A. Integra
Rlfa Romea HMilano 0n.a7 20.0 Spider
Audi 30005 0.32 H.A. 4000C5 Quatteo
Austin Rover Sterling 0.33 21.2 N.A.
BMH T35 0n.32 N.A. H.A.
Henda CRY 0.32 18.5 Civiec Sedan, Wagon
Aocord Sedan 20.5 Jwd Wagomn
Hyundai Excel 0.36 H.A. H.A.
Jaguar X J-6 | 0.37 21.3 ¥J-5 Cabrioclet
Mazda RX-7 n.29 MH.A. 323 Sedan
Marcedes-Benz 26C & 300E .31 22 .4 S6E05L
Mitaubishi Cordia 0.33 ie.7 Hirage 2—dr.
Hizaan IN0-2X 0.31 H.A. Haxima Wagon
Poracha 9245, 944 Turbo 0.33 N.A. 911 Carerra Turbo, 592835
Saab 000 m.34 22.0 S
Subaru AT Coupe 0.29 19.7 Station Wagon
Toyotba Celica GT-3 0.33 H.A. Van
Volkawagen Golf 6T, GTI, Jetta 0.36 M.A. Cabriclet, Fox
Volvo T60 GLE®# 0.37 M.A, M. A,
HOTES: * Depending on model & 1983 Eurocpean modal
This chart lists each auto manufacturer’'s most aerodynamic and
least aerodynamlic models, their coefficients of drag (Cd) and
frontal areas. All figures are based on manufacturers’ claims.

In some cases, wehicle frontal areas are not available (N.A.)

SOURCE:

Automotive News.

I

0n.34
0.an
0.4z
H.A.
H-A.
n.3%

H:A.
0.41
0.38
0.43
0.3%
0.3%
0.3
0.41
0.38
0.3%
.46
Hah,

|
|s

NL,A.
14.0
M. A,
M.A.
H.A.
20.1*
21.9*
H.A.
20.1
H.A.
20.2 B
19.2
H.A.
M.A.
21.0
20.6
WA,
H.A,
H.A,
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have Cp values in the 0.31 range. The most aserodynamic cars sold
in the U.5. in 1%9%0 are the Lexus L5400 and the Subaru XT. In
Europe, the most aercdynamic car scold in the Opel Czlibra with a
Cp of 0.26.

Analysis of product plans of the manufacturers show that most new
models will emphasize aerodynamics, while some luxury vehicles
may still retain the "formal®" leook that leads to high Cp.
Nevertheless, by 19%5, it appears that the average Cp will B&
0.33 - 0.34 corresponding to &2 10 percent reduction in drag with
raeference to the 1%BB average. {(Some models like the Taurus will
sea no reduction at all, while other like the Crown Victoria will
experience a 20-25 percent reduction).

Given that there are some cars already available with drag
coefficients of 0.29, it appears reasonable to project that the
2001 fleet average will be 10 percent lower than 19%5's with a C
of 0.29 ~ 0.30. These levels of drag reduction are not ExpecteH
to alter vehicle attributes significantly,. No reduction in
frontal area is forecast for either time-~ frame, in keeping with
the analytical requirements of constant interior volume.

It should be noted that the reducticn of drag co-efficient must
be accompanied by other changes to match the drivetrain to the
reduced horsepower demand. If only the drag co-efficient is
changed, the load on the engine is reduced.

While overall fuel consumption will be reduced, operating at a
lower load factor will increase bsfc,. To compensate, the engine
speed must be reduced by reducing the N/V ratio in top gear. As
a result, the engine RPM is lowered so that the new operating
point has at least the bsfc of the original pre drag reduction
operating point. It is also possible to actually improve the
bsfc since at the same speed, the engine will be running at lower
RPM, decreasing frictional loss. This effect is captured in
EEA's analysis as the overdrive gear effect (please see section
?Jl

The cost of aerodynamic improvements are associated primarily
with the expenses related to research the body styling and trim
details to lower the drag coefficient. The essential
inseparability of aercdynamic drag co-efficients and styling
requirements make it difficult te allocate precise "costs" to
drag reduction.

At Cp levels of 0.33-0.34, there are no significant wvariable
costs associated with drag reduction. At lower levels of Cn (in
the 0.30 range), manufacturing costs increase because of the nead
to maintain better tolerances for body parts and improved fit and
finish quality. (The use of a covered underbody is not expected
to be necessary to meet the 0.29- 0.30 target). Flush windows
also impose some wvariable cost penalties. However, these guality
of fit-and-finish improvements are alsc reguired to be
competitive in the current marketplace, so that it is difficult
to allocate costs to aerodynamic drag reduction alone.
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3. TYRES, LUBRICANTS AND ACCESSORIES
Small gains in fuel economy can be attributed to:
o Decreases in the rolling resistance coerficients of tyras;

o Decreased viscous and frictional logses due to the use of
synthetic lubricants;

o Reductions in power losses in accessory drives.
5.1 TYRES

The use of radial tires has spread across the entire new car
fleet. However, radial tires of more advanced designs
manufactured from rubber compounds with lower hysterisis losses
can reduce the rolling resistance of all tires. In a study
reported in 1981, researchers from the EPA, found that fiberglass
belted tires had 5 percent lower rolling resistance than steel
pelted tires, and that "all season®™ treads have 5.6% higher
rolling resistance than conventional treads.

Studies on tire inflation pressure by E.F. Goodrich. showed that
rolling resistance continues to decrease to inflatlon pressures
of up to 40 psi, but is not affected above that pressure.
However, it is alsc well known that tire performance is a complex
function of design variables and that handling characteristics
and traction and coften adversely affected by the design factors
that decrease rolling resistance,.

Ho detailed data on current tire rolling resistance coefficients
{CRJ are available publicly, but tire companies suggest that the
average CR iz arcund 0.01. In recent years, there has been a
tread towards high performance tires of low aspect ratio, that
have had impacted rolling resistance unfavorably for fuel
economy.

However, EEA contacts with tire companies’ staff, indicate that
rolling resistance will decline by 10 percent over the next
decade on a "same tire® basis but the trend towards higher
performance tires will negate half the benefit. Hence, a total
of reduction of 5 percent in rolling resistance 1s forecast owver
the next decade through:

(] improved tread and shoulder design;

o use of different high performance belt materials, such as
arramed fiber;

o] improved rubber compounds.

Others have suggested that the benefit could be as high as a 10
percent reduction in rolling resistance,

Lubricants

Synthetic axle and engine lubricants have been available for
several yearse, but have not found wide acceptance because of the
substantial cost premium for small fuel eccnomy benefits.. It is
unlikely that the situation will change over the next decade, and
their benefits are not likely to be seen in the fleet. However,
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BW=-30 o0il hasz recently come into use in zoeme U.5. vehiclesz as a
factory fill pil, and automanufacturer submizsions te DOT have
claimed a 0.5 percent fuel economy benefit, on average, by
replacing 10W-30 with 3W-30 oil.

There may be other small benefits asscociated with approved axle
and differential lubricants, but these benefits may be only in
the 0.1 to 0.2 percent range.

5.2 ACCESSORIES

Accessory drives absorb power from the engine and their influence
iz inversely related to engine size. In cars; the coocling fan,
water pump, alternator, power steering pump, and air conditioner
{when used) can account for a major (15 percent) penalty in fuel
consumption.

Efficiency improvements in all of these accessories and
conversion to thermostatically operated electronic cocling fans
can provide up to & 3 percent improvements in fuel economy. All
of these improvements have been already incorporated during the
1980-1950 time period.

An additional 5 percent improvement in fuel economy is possible
through redesign of the drives and improvements in fan blades
coupled with reduced heat rejection from the engine (which may be
necessary for meeting exhaust emissions standards). These
improvements will be phased in during the 19%0- 2000 period.
Costs for such improvements (except the electric fan) are small,
typically amounting to about 310.00 per wehicle.

The wvariable speed accessory drive has been researched
extensively by DJE,. However, their cost-effectiveness is poor
if the wvehicle features an electric fan as all FWD vehicles do.
Ford was ready to introduce such a drive in the mid-1%80's but
cancelled the introduction due to durability problems, and
difficulty in matching the alternator load reguirements under
some conditions. As a result, EEA does not foresgsee the use of
these devices in the next decade.

The power steering pump absorbs a significant fraction of
accessory energy, especially at low speeds. An electric powaer
stearing system has been developed and recently commercialized.
Due to electrical power regquirements, it is best suited for small
cars, Such a system would increase fuel economy by 1 percent
when the hydraulic pump is5 eliminated. The electric power
steering system has been recently commercialized in Japan.
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6. SPARK IGHITION ENGINE TECENOLOGY
6.1 OVERVIEW

The spark ignition (S5I) piston engine is expected to be the
dominant form of motive power in the next decade. BAlthough the
5.1. engine has been in existence for a 100 vyears, steady and
continuous improvements are being made., As noted in Section 2,
the areas where technical improvements are possible are:

] Increased thermodynamic efficiency
o Decreased pumping lecss
0 Decreased mechanical frictieon loss

Any new type of engine inceorporates improvements in all three
areas. We have discussed specific engine types and specific
component changes that may cause improvements in any or all eof
the three areas.

Prior to 1980, Ford was the only manufacturer that offered even
one overhead cam engine among the domestics, and all other
domestically manufactured engines were of the overhead valve
(OHV) type. All pre-15%B0 engines were carburetted with the sole
exception of the Cadillac 350 CID V-8 offered in the Eldorade and
Seville, OHV engines continue to dominate the domestic gar fleet
in 1588, although most engines are now fuel injected. As a
reference, the 1988 carburetted OHV engine serves as a baseline
for comparison of OHC and 4- valve engines. Detailed data on the
few remaining engines of this type showed that they typically
produced 32~35 BHP/litre, and 67-70 W-m/litre of torgue.

The categories of engines now in the marketplace are as follows.

Advanced OHV Engines are a recent phenomenon as domestic car
manufacturers have updated clder engines with new "fast-burn"
heads, improved piston and ring designs, better manufacturing
tolerances of the cylinder base, nolse reduction and improved
airflow. The engine block retains the same basic dimensions of
the older OHV designs. Such engines have outputs of 42-45
BHP/litre and torgue ratings of 74-76 N-m/litre.

Overhead Cam Engines of older designs are roughly eguivalents in
specific cutput and specific torgue to the advanced pushrod
engines, These oclder designs are represented by the Chrysler
2.2/2.5 litre 4 cylinder engines designed 10 years ago and the
Ford 2.3L that dates from the early 1970's but has been updated
since. More modern QHC engine have specific outputs of 5S0-54
HP/L and torque of B0-B2 N-m/L. High performance engines have
increased specific outputs of 60-63 BHPF/L with enly slight
reduction in torque.

However, both the torgque peak and HPF peak are realized at much
higher EPM.

d-valve engines are only of the overhead cam type, scme featuring
single overhead cam (S0HC) while others have double everhead cams
(DOHC). The four wvalves permit improved breathing and a more
compact combustion chamber with a central spark plug that allows
for higher compression ratiocs (CR). Typically 4=valve engines
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can have a CR of 10.0 without being knock limited while most
OHV/OHC engines have CR's of 8.8 to 9.2, The specific output of
a modern 4- valve engine optimized for fuel economy is 60 to 65
BHP/L with torgue of BB-90 N-m/l.

If cptimized for high end performance, the maximum torgue
decreases only slightly but maximum ocutput increases to 75~-80
BHE/L, with RPM at peak torgue and peak horsepower increasing. A
summary of engine classifications is provided in Table ©.1.

Fual injection can alsc improve the specific cutput of engines.
The simpler throttle-body (er single-point) injection provides
only modest gains in specific output as it does not alleow a
radesign of the intake manifold to maximize airflow. Multi-point
fuel injecticn offers the benefit of being adaptable to tuned
intake manifolds and more accurate fuel delivery that is matched
to requirements of the engine during transients.

Throttle-body and multipoint fuel indection are widely used in
the 1988 fleet, and carburettors were restricted to Just one
engine family for Chrysler and GM (in the 318 V-8 and the 307 V-8
respectively) in 1988. All Ford engines were fuel injected.

Variable Valve Timing can provide reduction of pumping loss by
closing the intake and potentially to exhaust valves, depending
on the speed and load. Valve timing is known to have favourable
effects on engine output across the RPM range, largely because
the current system of fixed valve timing is largely a compromise
for the range of load are speed conditions encountered. The
pinglum has always been the lack of good mechanlisms to vary valve
ciming.

Most schemes have proved unreliable mechanically and/or caused
such large increases in mechanical frictien that the pumping loss
benefits were overwhelmed. More recently, a simple mechanism
gultable for DOHC engines that changes the timing of intake
valves, but not lift ¢or duratien has been commercialized by
Nissan and Mercedes. In 1990, Honda introduced a more
sophisticated system that wvaries timing, lift and duration
between two fixed sets of values, one for low speed and the other
for high speed.

Engine mechanical friction reduction is an ongoing effort and
evelutionary improvements in friction are being realized
constantly. The level of friction in an engine is characterized
in normalized terms ag friction mean effective pressure (Emep).
A typical advanced OHV or OHC engine has a brake mean effective
pressure at wide open throttle of 530 kPa (135 psi), while the
fmep is 170 KPa. Major components contributing to friction are
piston/rings, walvetrains, crankshaft/seals and oil pump, in
order of importance. Considerable work has gone into designs of
thege components to reduce friction. Frictien reductieon is
usually incorporated inte modern engine designs.

The specific fuel economy benefits associated with engine design
type and through fuel injection and friction reduction are
documented below. The overhead wvalve engine is used as a
comparison baseline.
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TAELE 6.1: ENGINE CLASSIFICATION

Epecific Power Specific Torgue

ass Valves/cyl (HF /L) (H-m/L] Examples

QHV i 30-35% 67=T0 Ford 302 v-8

fold deaign)

MAdvanced QHEV 2 44~-46 T4=T6 Ford 181V-é

and OHC G 33003800 V-6

Modeen OHC 2 50=54 BO-B2 Most Japanese
englnes

Modern OHC 2 SE=&0 Ta-80 Mezcedes 3 litre,

(High performance) I-&
BMW 3.5 litre I-6

Modern 4-valwve 4 62-65 0=-52 GM Quad-4

Mopdern 4-valve 4 T0-75 BE-30 Ford/Yamaha

(High performance) 3L V=§

6.2 OVERHEAD CAM ENGIMES

As noted, overhead cam engines can have wvalve timing adjusted to
provide up to €0 BHP/L in high performance applications. In the
more common application where fuel economy is important,
discussions with manufacturers and current design practice
suggest that 50-5Z BHP/L is the goptimal range. Figure 6.1 shows
the actual 1988 averageszs for OHV, domestic CHC, import CHC and 4
valve engine specific outputs. The domestic OHV output figures
aggregate the two sub-classes of advanced OEV and old OHV. If
the import OHC average is used as a representative figure (since
they are more modern designs than domestic OHC engines) for the
specific output, it coincides with the general comments cobtained
from manufacturers.

Figure 6.2 shows the specific torgue ratings for 1288 engines.
It appears that modern OHC designs offer an 8 percent benefic
over the average OHV engines., The more appropriate compariscn 1S
against the advanced 0OHV engine, where the torque benefit is 6
percent.

In the EEA analysis of fuel economy pctential, the case
considered is an advanced OHV engine of 44 BHP/L being replaced
with an OHC engine of 52 BHP/L output. Torgue will increase ©
percent from 75 M-m/L to 80 N-m/L. To maintaln constant
performance, the OHC engine is assumed to be downsized by 10
percent. Feak horsepower will increase a c=percent but torgue
will decrease by 4.5 percent. In order to compensate for the low
end torque loss, axle ratioc must be increased by 5 percent. This
maintains the same "launch feel" and top gear gradeability.
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The CHC engine has a more rigid wvalve train, which allows reduced
valve spring tension, a4s well as higher valve accelerations,
relative to an OHV engine. This results in reduced engine
frietion, improved c¢ombustion and reduction in pumping loss.
Fordy has estimated the net benefits of OHC engines over QHV (2-
valve) engines at constant displacement to be 1l%. AL constant
performance, the net benefit is calculated by EEA as follows:

OHC to OHV benefit 1%
10 percent CID reduction 3.8%
5 parcent axle ratic increase = 1.1%
Total benefit 3.7 parcent

Fordl/ has used slightly different factors in their assessment of
the effect of displacement decrease and axle ratic increase, but
has arrived at a similar net benefits estimate of 3.5 percent.

6.3 4-VALVE ENGINES

The calculation of DOHC 4d=valve engine benefit is gimilar
conceptually te that of the OHC engine te OHV engine benefit
calculation shown above. It can be shown from actual 12B8 data
that a 4-valve engine of modern design is capable of producing 90
H=-m of torgue per litre and &0 to &5 BHP per liver of specific
output. These values represent a 10 percent increase in torgque
and a 20 percent increase in peak power over an QHC 2-valve
design.

The 4-valve engine has other features that impact fuel economy.
First, the increased number of wvalves (4 vs. 2Z) causes some
increase in valve train friction. The friction is noet doubled
because emach wvalve 1s much smaller and lighter, and the valwve
spring tension is lower. Second, the 4-valve engine allows a
better combustion chamber design, with a central spark plug.

For maximum fuel efficiency, Toyota, has developed a compact
combustion chamber with a narrow included angles between intake
and exhaust valves. Higher performance designs sacrifice this
feature to maximize airflow and feature a large included angle
between intake and exhaust valves.

Third, the central spark plug location and improved airflow
characteristics allow the use of higher compression ratiocs. Many
currently available 4-valve angines such as the GM Quad-4 and the
Infiniti 2 litre already utilize a compression ratio of 10:1
which iz one point higher than the ratiecs used in current OHC and
OHV engines.

The constant performance comparison between OHC/2 wvalve and
DOHC/4=-valve reguires that the 4-valve engine be 10 percent
smaller than the Z-valve engine. Peak torgue is ceonstant while
peak horsepower increases by 10 percent in this comparison.
However, low-end torgue (at 1500 RPM) is reduced in this

comparison and axle ratio must be raised to preserve launch from
rest.
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The components of the fuel economy benefit estimate are as
follows:

10 percent CID decrease + 31.B8%
5 percent axle ratio increase - 1.1%
Increase thermodynamic efficiency + Z2.5%
Increase valve-train friction - [0.5%
Decreased aercdynamic friction + 0.5%

Heat benefit + 5.2%

In submissions to the OTA, Toyotay has suggested a 5.0 percent
benefit for the 4-valve engine, consistent with the above
estimate.

GM has provided, a very detailed comparison between two engines
of near equal performance, in this case the advanced OHV 2.8
litre V-6 rated at 130 HP and the DOHC d=-valve 2.3 L (Quad 4)
engine. Both engines were offered in 1968 in the same cCar
(Pontiac Grand Am) with the same transmission and axle ratio.
(Note that the EEA coemputaticns allow an increase in axle ratioc

to preserve low speed acceleraticn). In this case, the
comparison is between a V-& are a 4-cylinder engine which allows
a further reduction in engine friction (see Section 6.4). The

power and torgue curves of the two engines are shown in Figure
Eiai

The 2.8L V-6 engine provided a fuel eccnomy of 26.3 MPG composite
while the Quad 4 was rated at 32.L MPG composite, a total
increase of 22.4 percent. The GM detailed analysis allowed a
breakout of the individual contributions asscciated with
displacement reduction, improved thermodynamic efficiency and
reduced friction. GM's estimates are compared to the EEA
standardized estimates below:

Gl Estimate EEA
F/E Banefit F/E Benefit
Displacement reduction 12.0% 7.6%
Compression Ratio Z2.2% 2.5%
Compact Chapber Design Z.4%
4 va. & cylinder Friction 2.4k 3.0%8
OHY wa. Puahrods 2.4% 1.0%
othar Q.4 2.0%
TOTAL 224 16.1

® EEK's eatimate of fricrion reduction from more modezn design.
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The EEA estimate agrees with GM'=s in the tetal friction benefit
but appears to significantly understate the benefit of
displacement reduction and combustion chamber design improvement.
This may be partially due to the fact that Z2.EL V=6 iz not one of
GM's most efficient designs, but it clearly shows that the EEA
estimates are conservative,

In addition, the EEA estimate allows for an axle ratio increase
by 10 percent for the particular case examined by GM (5 percent
for OHV to OHC/2V and ancther 5 percent for OBC/2V to CHC/4V),
and it is noted that actual cars on sale do not necessarily
follow this practice, as illustrated by GM's N-car. However,
this is not a true constant performance comparison.

In EEA's comparison, the OHV 2.BL V-6 with a 2.84 axle and three
speed automatic transmission can be replaced on OHC 2.5L V=6 with
a 2.98 axle ratio, or DOHC 4-valwve Z2.3L engine with a 3.13 axle
ratie. At 2000 RPM, it can be seen from Figure &-3 that the Quad
4 provides 10 percent lower torgue, which is exactly offset by
the 10 percent axle increase ratio.

6.4 FUEL IRJECTION

There are two types of fuel injection (FI) - single point (or
throttle-body) injection (3FI) and multipoint fuel injection
(MPI). SPI is usged in all naturally aspirated 4-cylinder engines
made by GM and Chrysler, as well as in a few low cost Japanese
models and the Ford Esgcort in 1%B8. Most other vehicles use MPI.
Carburettors are used in entry level Japanese models and Korean
models in 1988, as well as in 2 old design V=8 engines ameong the
domestic models.

The benefit of SPFI over the carburettor hasg been decumented in
several submigsions by the manufacturers to DOT in the early
1980's., A significant part of the gain in fuel economy is
assoclated with the ability to eliminate the air pump reguired by
carburetted vehicles to meet the emission standards. The air
pump absorbs power from the engine and raises exhaust back
pressure. It’s elimination can result in a fuel eccnomy benefit
of 2 percent. —

In addition, the S5PI system results in reduced cold start
enrichment requirements and less acceleration enrichment due to
improved fuel atomization., These effects provide another 1
percent benefit, for a total of 3 percent., Many carburetted
vehicles used pulse-air systems, so that thelr conversion to SPI
did not include the benefit associated with air pump elimination,
but did provide a modest back pressure decrease. For such
vehicles, EEA has estimated a total benefit of 1.5 percent due to
SP1 largely from paired comparisons of 1984-1586 wehicles when
coenversion to SPI was the only change between otherwise identical
vehicles in that time frame.

Multipoint fuel injection places the fuel injectors close to the
intake valves of the engines, allowing very precise delivery of
fuel to each cylinder, This results in further decreases to cold
start enrichment and acceleration enrichment, and significantly
improved control of fuel delivery during deceleration. These
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factors provide a 1.2 to 1.5 percent fuel ecconomy gain, based on
data provided by the manufacturers.

Howaver, MPI also allows the use of a tuned intake manifold
optimized for airflow. Such a manifold can provide a significant
penefit to maximum torgue. Torgue beneflts are available even
without a tuned manifold since no intake air heating is regquired
to wvaporize fuel, and & colder denser air change increase the
engine output. Regression analysis of 1988 engines showed the
following benefits for MPI in specific output and specific torgue
relative to SPI, controlling for compression ratio:

BHP/L H-m/L
OHC 9,3% 2%
OHV 9,3% 3.4%

The OHC comparison is biased by the fact that more high
performance engines (tuned for maximum BHP) utilize MPI rather
than SFI. As a result, MPI shows a very significant rise in peak
output of nearly 10 percent but only a Z parcent increase in
torque. A more controlled comparison shows that MPI can provide
a4 3 percent increase in torgue and a & percent increase in
cutput. For a constant performance comparison, axle ratioc must
be reduced by 3 percent relative to an 5PI engine of the =zame
displacement.

Complete shutoeff of fuel during deceleration is also possible
with MPI, Some manufacturers believe that deceleration fuel
shutoff causes unacceptable driveability, but it is used by
others. Deceleration fuel shuteff can provide a one percent
benefit in fuel economy. Accordingly, the total benefit of MPI
over SPI is as follows:

Reduced cold-start and acceleration enczichment 1.20 te 1.50%

Decrease axle ratio by 3 percent 0.67%
Deceleration Ffuel shutoff 1.00%
Total 2.8 to 3.17%

EEA utilizes a 3 percent benefit estimate as an average. In
1986, when GM converted their 2Z.8L V-6 from a carburetted fuel
system to a multipoint fuel injection system, they publicly
c1aimeﬂ5 a benefit of 7 percent in fuel economy. This is in goocd
agreement with the 3+3 percent (6%) estimated by EEA.

£.5 ENGINE FRICTION REDUCTION

Engine friction reducticn is an ongoing effort and is made
possible by evolutionary improvements to all parts in the engine
that contribute to friction. At an engine speed of 3000 RPM, the
major components accounting for total frictional losses are
plistone/rings, valve train, crankshaft and oil pump, in that
grder. While the friction losses of most components increase
non-linearly with engine RPM, valve train friction actually
declines slightly in absolute terms and significantly as a
percentage of total friction.
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Because of its larger contribution te total frictiom at low
gpeeds, wvalve train frictign reduction provides large benefits on
the test cycle where engine speeds are typically in the 1000-Z000
FFPM range. Roller cam followers provide wvery significant
reduction in friction, and most domestic OHV engines have (by
1980) utilized this technology. Detailed analysis by DOT and
manufacturer submissions to DOT show that the use of roller cam
followers can provide a 1.5 to 3 percent improvement in fuel
economy .

This confirms an earlier (1%82) analysis by Ford., that showed a
2.9 percent fuel economy improvement due to roller cams at an
engine speed of 1500 RPM. The use of roller cams in OHC engines
iz more recent; and has been adopted by Chrysler and Mitsubishi.

Mitsubishi4 provided data on an OHC engine as shown in Figure
6.4, an it is claimed that the EPA test cycle fuel economy
benefit is over 4 percent., Other manufacturers have suggested
that the benefit is sensitive to the base (non-roller) design,
and a median benefit estimate of Z percent has been adopted by
EEA.

Piston redesign and decreases in ring tension and ring width
contribute to a reduction in fricticon. Ring tension reduction
and redesign alone has contributed to a 1.5 percent increase in
fuel economy in some engines already. Improved piston design and
lighter weight pistons have contributed to an additional 0.5
percent.

Typically, a 1988 d-cylinder engine has a friction mean effective
pressure of 12 to 13 psi at 1500 RPM. Piston and ring redesign
along with improvements such as:

lightweight valwves

titanium valve springs

composite lightweight connecting rod

use of 2 rings instead cf three

half-speed cil pump

low friction crankshaft seals

Lo e I R

will all contribute to a 20 percent reduction in friction by 2001
(of course, individual engines may have larger or smaller
reductions). A special low friction engine constructed by Fordg
recorded a 4.3 psi reduction im friction even without a Z-ring
piston, with a claimed fuel economy benefit of 6.5%. EEA
forecasts a total benefit of 4 percent through improved design
and an additional 2 percent through the use of roller cam
followers over the 1988- 2001 period, consistent with Ford's
estimate.

A separate issue centres around the reduction in number of
cylinders. As engines of higher specific output and lower
displacement are used, it would be reascnable to assume that a
reduction in the number of cylinders is both feasible and likely.
Consider a wvehicle with an OHV 3.0L V=& with an engine cutput of
135 BHP and 225 N-m of torgue.
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This can be replaced by an OHC V-6 of 2.7L displacement providing
140 BHF and 220 H-m of torgue, or by DOHC/4V engine of 2.4L
digplacement producing 149 BHP and 216 N-m of torgque. The Z.4L
engine can either be 2 V-6 or an I-4, and the I-4 would have
lower friction. Based on friction data collected from different
engines EEA estimated that the friction benefit cculd be 14 to 15
percent, to provide a 3 percent benefit in fuel economy.

Fordg provided a detailed comparison of friction data for 2.3L
engine in 4, & and B-cylinder form. They also found that the
larger bore of the d4-cylinder results in some thermal efficiency
improvement. A similar comparison for a 4.5L V-6 ws. a 4.5L V-H
was provided and the data are shown in Table 6.2, The BEFC
change for the smaller engine supports EEA's projections, but

Ford claimed that the 4-cylinder would have higher idle and lug
EFM lewvels than a V=&, negating this 3 percent benefit. (The
same effect was claimed for the V- 6 to V=8 comparison). EER has
examined available idle RPM data from 4 and 6 cylinder engines
and found significantly smaller difference than claimed by Ford.

In addition, we found that the d4-cylinder engine typically weighs
40-50 lbs. less than V-6 of equal displacement, and Ford had not
considered this effect.

As a result, EEA hag retained the 3 percent benefit estimate for
reduction in number of cylinders. It ig clear that 4=-cylinder
has inferiocr vibration characteristics relative to a V-6, and EEA
recognises that the fuel economy benefit does result in some
reduction to consumer attributes. However, we note that other
technologies for engine mounts may counteract this effect
completely.

The use of balance sghafts on four cylinder engines will, however,
negate the benefits of reduction in number of cylinders.

TABLE 6€.2: EFFECT OF NUMBER OF CYLINDERS
ON FUEL ECOMOMY

d-eylinder 6-cylinder B-c¥l r
2.3 Litre
Thermal Efficiency 0.366 0.IE3 0.358
Fricticn MEF (pai) 12.4 13.9 15.1
% Change in BSEC Base -3.2 -5, 2
4.5 Litze
Thermal Efficiency -- 0.366 0.3o08
Friction MEP {pai) - 11.5 2.5
¥ Change in BSFC == Base =1.46

Source: Ford Motor Co.,

Note: For Ford's commeénts see text on idle and lug speed capabpllity.
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