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The International Energy Agency (IEA) is an autonomous body which was |ished in
November 1974 within the framework of the Ordgapisation for Economic8operotion and
Development (OECD) to implement an internotiono@ergy programme,b

It carries out a comprehensive programme of energ&}o-opem@%ong twenty-six of the

OECD'’s thirty member countries. The basic aims of the ¢BA are:

® to maintain and improve systems for coping with oil suppt/disruptions; <

* to promote rational energy policies in a global context throu&fo-ogero'ile reelot' n{y)ﬂ%

non-member countries, industry and infernational organisations;
* to operate a permanent information system on the international oil market;

* to improve the world's energy supply and demand structure by developing alternative

energy sources and increasing the efficiency of energy use;

® to assist in the integration of environmental and energy policies.

The IEA member countries are: Australia, Austria, Belgium, Canada, the Czech Republic,
Denmark, Finland, France, Germany, Greece, Hungary, Ireland, ltaly, Japan, the Republic of
Korea, Luxembourg, the Netherlands, New Zealand, Norway, Portugal, Spain, Sweden,
Switzerland, Turkey, the United Kingdom, the United States. The European Commission takes
part in the work of the IEA.

© OECD/IEA, 2005

No reproduction, copy, transmission or translation of this publication may be made
without written permission. Applications should be sent to:

International Energy Agency (IEA), Head of Publications Service,
9 rue de la Fédération, 75739 Paris Cedex 15, France.
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The European Conference of Ministers of Transport (%/IT) is aQ'nter—governmental organisatio qj
established by a Protocol signed in Brussels on 17 Oct 1953.7It comprises the Ministers opf)
Transport of 43 full Member countries: Albania, Armenia,~Austria, Azerbaijan, Belarus, Belgimm,
Bosnia-Herzegovina, Bulgaria, Croatia, the Czech Republic, éy mark, Estonia, Finland, &ance
FRY Macedonia, Georgia, Germany, Greece, Hungary, Iceland, Ireland, It atvia, L1echtenste uania,
Luxembourg, Malta, Moldova, Netherlands, Norway, Poland, Portugal, Rcﬂna 1a @ ]qéerbla and
Montenegro, Slovakia, Slovenia, Spain, Sweden, Switzerland, Turkey, Ukraine and the United Kingdom.

There are seven Associate member countries (Australia, Canada, Japan, Korea, Mexico, New Zealand and the
United States) and one Observer country (Morocco).

The ECMT is a forum in which Ministers responsible for transport, and more specifically the inland
transport sector, can co-operate on policy. Within this forum, Ministers can openly discuss current
problems and agree upon joint approaches aimed at improving the utilization and at ensuring the
rational development of European transport systems of international importance.

At present, ECMT has a dual role. On one hand it helps to create an integrated transport system
throughout the enlarged Europe that is economically efficient and meets environmental and safety
standards. In order to achieve this, it is important for ECMT to help build a bridge between the European
Union and the rest of the European continent at a political level.

On the other hand, ECMT's mission is also to develop reflections on long-term trends in the
transport sector and to study the implications for the sector of increased globalisation. The activities in
this regard have recently been reinforced by the setting up of a New Joint OECD/ECMT Transport
Research Centre.

Further information about the ECMT is available on Internet at the following address:
www.oecd.org/cem

© ECMT 2005 - ECMT Publications are distributed by: OECD Publications Service,
2, rue André Pascal, 75775 PARIS CEDEX 16, France
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This report provides a technical analysis of why vehicles perform better—mfoel economy test
procedures than they do in actual operation on the road. It examines how the gap between test and
“on-road” emissions can be closed. A variety of technologies are examined that, whilst they show now
gains in the tests used to certify vehicles for sale, could improve fuel economy and reduce CO,
emissions in the real world. Manufacturers have little or no incentive to introduce these technologies
although they could be used to cut emissions by over 10%. The practical information presented here
should assist policy makers in identifying technologies and other strategies such as driver training to
promote fuel efficiency on the roads and provide incentives for the uptake of the relevant technologies.
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This book was produced jointly by the European Conference of Ministers of Transport and the
International Energy Agency, Office of Energy Technology and R&D. The ECMT and IEA would like
to thank Mr. K. G. Duleep of EEA, Arlington, Virginiafor providing the main analysis underlying this
report. We would aso like to thank Novem, the Dutch energy agency for important contributions in
the area of efficient driving behaviour. Useful comments were received from many individuals,
including Tom Howes (European Commission, DG-TREN), Dan Santini (Argonne National
Laboratory, US), and Feng An (independent consultant). Of course any errors or omissions remain the
responsibility of ECMT and IEA.
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EXECUTIVE SUMM o

There is a gap between light-duty vehicle fuel economy as measured on 014'i'ci ﬁercﬁfication tests
in OECD countries and actual on-road fuel economy™. The existence of this gap, or shortfall, is widely
known and some countries already adjust test fuel economy values by a correction factor to account
for it. In recent years, there has been speculation that the gap is growing as a percentage of the
certified, tested value. This has raised concerns that nationa fuel consumption reduction goa's based
on test values will not be met in reality and that consumers will lose faith in reported fuel economy
figures. This report anayses available data on the gap and examines technologies available to reduce it
along with policies to promote their adoption. This information can be used to select technologies and
measures for reducing oil use and CO, emissions that deliver fuel economy improvements on the road
in spite of any deficienciesin the test cycles used to measure it.

An extensive review of the literature reveals that there have been few recent assessments of
shortfall in OECD countries. New empirical studies are needed and would be very valuable. These
could be conducted, for example, by having a sample of drivers keep logs of vehicle travel and actual
fuel consumption, in different areas and for different types of vehicles, and then comparing this data to
test-rated fuel economy figures.

An engineering analysis of available technologies has identified severa that have little or no
impact on fuel economy test results but are potentially useful for improving actual on-road fuel
economy. Some (though not all) of these are estimated to be cost-effective for reducing fuel
consumption from the consumer’s viewpoint, based on a payback period” of three years. More of the
technologies, in more situations, are estimated to provide net benefits to society — i.e. their costs are
more than offset by the private plus the socia benefits derived (associated with fuel savings and
reduced oil dependency) —and they provide relatively low cost CO, emissions reductions.

The most cost-effective technologies are related to reducing the fud economy shortfall for
gasoline vehicles in cold ambient temperature and dense traffic conditions. These technologies are
electric water pumps, energy efficient alternators, heat batteries (for pre-warming engine oil on start
up) and 5W-20 oil. Under cold ambient, dense traffic conditions, the combination of all these
technologies could increase fuel economy by around 10% on average and up to 20% during the winter.
These benefits are available to urban drivers in areas such as Northern Europe, Canada, the Northern
U.S. and Northern Japan. Thisis apromising areafor policy intervention.

These and other technologies are sometimes cost effective in other situations (such as warmer

climates or highway driving conditions) depending on fuel prices and average annual distances driven.
A number of technologies were found not to be cost-effective in any of the conditions considered.

TECHNOLOGY AND POLICIESTO IMPROVE VEHICLE IN-USE FUEL ECONOMY —ISBN 92-821-0343-9 - © ECMT, 2005
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In addition to technologi - qu : dri ini v

gies, one non-technology re was also co ed: driver traning e

programmes. With careful programme design, driver trainipng can provide § cant fuel savings and )
appears cost-effective in al driving conditions. A key tion is that ﬁ continue to follow the
recommended driving styles after the period of traini Sever nologies are available to v
encourage fuel-efficient driving (such as shift indicator ligh d fueMuse indicators) and are already)
provided in many cars. When incorporated in new vehicle gns they can be added to cars at @y

low cost (less than 10 or Dollars/ 10 Euros). (/ <
b V>
Literature Review ° | e C

Very detailed studies of shortfall completed in the early 1980s continue to be the only
comprehensive sources of data to date. A small number of limited studies on shortfall have been
conducted since then but the only significant source of data on in-use fuel economy isfrom asurvey in
Canada. The findings do not suggest that shortfall has increased dramatically in the last 20 years, or
that the causes of shortfall identified earlier have changed markedly. In that period, only the EU has
changed its test procedure, by adding the ‘extra urban’ cycle, and this has probably not significantly
affected the level of shortfall.

The findings of the most comprehensive studies on shortfall in the early 1980s showed that:

e  Shortfall increases as a percentage with increasing absol ute fuel economy (measured in MPG
or km/l).

e Light trucks have higher shortfall levels than cars.

e Shortfdl is aso a function of vehicle drive-train technology and possibly manufacturer
specific calibrations.

The 1995 Canadian survey of on-road fuel economy showed results largely consistent with the
findings from the 1980s in both magnitude and trend. Researchers have speculated that shortfall may
be increasing either due to worsening traffic condition and higher highways speeds, or due to changes
in vehicle technology (direct injection engines, hybrid technologies). This may be true but remains
unproven with real world data. Road test data by magazines and TV programs do show manufacturer
and technology specific shortfall differences, but the small sample of vehicles and unrepresentative
test conditions do not permit any significant conclusions to be drawn.

Recent programs promoting driving-style improvement through training and technology aids
show that improvements in fuel consumption of around 10% are possible from training, although
drivers generally require feedback instrumentation to maintain performance. (The driver training effect
assumes the maintenance of more constant speeds but does not assume a speed reduction.) The
significant contribution of driving styles to shortfall was recognized even in the studies conducted
20 years ago, and similar margins of improvement were thought possible then.

TECHNOLOGY AND POLICIES TO IMPROVE VEHICLE IN-USE FUEL ECONOMY —ISBN 92-821-0343-9 - © ECMT, 2005
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A wide variety of fuel-economy technologies ha\/egen adopted b@le manufacturers since -
the 1980s but a majority of them have little or no effe@bn shor?k me technologies, notably ¢
electronic engine management systems, can increase shortfgh~Dy tailokng engine operation to the test)
cycle. Other technologies, such as diesdl engines and, possiblywgasoline direct injection engines, c%d
reduce shortfall under many operating conditions. Small diesal-gngine-powered vehicles tyq y
have much lower shortfall than gasoline-powered vehicles because agiesel engine requir. cold
start and acceleration fuel enrichment and uses much less fuel when the \jehigie fests™at idle’.

Therefore, while the technologies listed below are aso applicable to diesel powered vehicles,
technologies related to cold-starts and idling offer much larger benefits for gasoline engines.

Technologies to Reduce Shortfall

A number of technologies aimed at improving gasoline vehicle fuel economy in off-test-cycle
conditions (i.e. travel situations that are different from those characterized during test-cycle
measurement) have been developed but have generally not penetrated the market. These technologies
include:

e  Electricaly driven oil and water pumps.

e Efficient alternators.

o Efficient air conditioners and heat pumps.
e Fast engine warm-up technol ogies.

e Aidstoimprove driving habits.

o |dle-off systems.

o 42V electrica systems.

e  Adaptive cruise control.

The reason that such technologies are not included in most vehicles is wholly or partly due to
their limited benefit on the fuel economy test cycle.

In addition to these technologies, tyres and lubrication engine oil can impact on-road fuel
economy and reduce shortfall. These are replaced periodically over a vehicle's life and the
replacement market is not well optimized for fuel economy. Tyre “rolling resistance” varies
considerably by tyre model and the best tyres can reduce fuel consumption by several percent
compared to average types. Yet no tyre rolling resistance information is available to consumers in
most OECD countries. Increased monitoring of tyre pressure could aso yield some fuel savings; it
should be possible to adapt tyre safety-related pressure monitoring systems to provide information on
moderate under-inflation as well, with low-inflation indication provided to drivers via a dashboard
signal. Data on the average type of oil actualy used in the replacement market is limited, but small

TECHNOLOGY AND POLICIESTO IMPROVE VEHICLE IN-USE FUEL ECONOMY —ISBN 92-821-0343-9 - © ECMT, 2005



it E
e — d/’ .
(@) 2

12 - EXECUTIVE SUMMARY {

. N .
< O(‘
benefits in fuel economy might be realized if the markeQ)r fuel efficient rep@ment oil were to be i')

optimized. U ,b o)

Engine-related maintenance actions (in contrast tq)}ther ce actions such as tyreaf
pressure monitoring and replacement tyre and oil choice), d ave much impact on shortfall(o
This is because engines are designed to need maintenance<ess often than they used to, b
electronic engine controls have made tampering and maladjustnfent difficult, and because
inspections in most OECD countries provide strong incentive bl‘ yearly or blenr,@\)'ehlcle
mai ntenance.

One emerging problem is the replacement of standard electronic engine management system
components with customised control chips, designed to maximise performance in terms of power
output in on-road conditions regardless of the effect on exhaust emissions and fuel consumption. This
was not examined in this report but anecdotal evidence suggests it may be a growing contributor to
shortfall.

Aggressive driving continues to be a major factor contributing to shortfall. A number of
technological aids to assist the driver to drive in a more fuel-efficient manner are available. The
literature review shows that real world gains of 5 to 10% in fuel economy are possible, on average,
from the impacts of these technologies (combined with driver training) on improved driving habits.

Technology Fuel Economy Impacts and Cost-effectiveness

The literature review and engineering analysis presented in this report document a number of
technologies available to reduce shortfall. The term “available’ is used to indicate that no technical
barrier exists for commercialization, but the technology has seen only limited or no introduction yet in
the market. This is partly because auto-manufacturers will be able to claim little or no fuel economy
benefit on the official certification test and partly because ambient and geographic conditions vary
greatly among OECD countries from region to region and even within countries. Since the benefits of
technologies in terms of reducing shortfall are often significant only under specific ambient/traffic
conditions, manufacturers are unwilling to standardize these technol ogies across an entire model line.
It may not be possible to find a*“one size fits al” solution to the issue of technology under-utilization.
Technologies most useful to Sweden or Canada sometimes have limited value to consumers in
southern France or the southern States of the U.S. Similarly the ranking of technologies by cost-
effectiveness varies with local conditions.

There are two types of important distinctions in terms of ambient conditions affecting shortfall:
temperature (cold or hot) and traffic (dense or light, typically corresponding to large city or small
city/rural conditions). The distinctions are somewhat subjective, but for this analysis the following
characteristics were assumed for each situation:

e Locations with cold ambient temperatures - where daily low ambient temperatures are below
10°C for over six months.

TECHNOLOGY AND POLICIES TO IMPROVE VEHICLE IN-USE FUEL ECONOMY —ISBN 92-821-0343-9 - © ECMT, 2005
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e Location with hot ambient temperatures - Wh@ daily high temper@&s exceed 25°C fOr  wmm

over six months. U /b

o Densetraffic, with city-wide average speeds beldw)QS km/}QLG mph). ‘OQ/
o Light traffic, with city-wide or rura average spgis in excess of 40 km/hr (25 n@),
corresponding to freely flowing traffic. (/ <

P,
When the two ambient conditions are combined with the two traffic &)nclgo@ t@y create four
driving situations. Although some technologies have benefits that fall across all four of these
guadrants, most technologies perform well only for one or two.

Thirteen technology options to reduce shortfall for gasoline vehicles were examined. The
technology cost, or more accurately the retail price equivalent, (an estimate of how much the retail
price for vehicles would increase under competitive conditions if the technology were added to the
vehicles) was estimated for each option.

Technology fuel economy benefits were estimated using limited test data available in the
literature and drawing on well-understood engineering relationships. Assumptions behind each
estimate are described in the following chapters. Results are shown in Figure E-1, which shows that
the potential benefits per technology are generally small, in the range of 1 to 5%, with only three
exceptions: for idle stop/start in dense traffic; driver training in light traffic; and adaptive cruise
control in light traffic conditions®. As would be expected, certain technologies provided a benefit only
under certain conditions; for example efficient air conditioners in hot ambient conditions and idle
stop/start under dense (i.e. stop/start traffic) conditions.

Given the different effects of technologies in different situations, the overal benefit to each
driver depends on the share of driving done in each situation. To estimate average effects across all
drivers in a country, the aggregate driving shares in each situation should be estimated. It should also
be noted that technology benefits are not necessarily additive; for example, adaptive cruise control
performs a function similar to driver training and applying both will result in less benefit than the sum
of their individual effects. Combined effects have not been estimated in this study, except a genera
estimate that application of all, or even most, of these technologies should combine to reduce fuel use
by 10% or more.

For diesel vehicles, the fudl savings achievable were found to be generaly similar or dightly
lower than those for gasoline vehicles. The biggest differences concern eectric water pumps and idle
stop/start. These are only about half as effective for diesels as for gasoline vehicles. On the other hand,
adaptive cruise control impacts on diesels are 50% bigger — with an estimated 15% reduction in fuel
use per kilometre, compared to 10% for gasoline vehicles.

One measure of technology cost-effectiveness is the time required to pay for the technology from
the fud savings. This metric relates to consumers willingness to pay for this technology (and
therefore manufacturer’s willingness to put technologies into the vehicles they sell). The pay-back
period is a function of local fuel prices, annual driving distances and baseline vehicle fuel economy.

TECHNOLOGY AND POLICIESTO IMPROVE VEHICLE IN-USE FUEL ECONOMY —ISBN 92-821-0343-9 - © ECMT, 2005
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Three cases are considered as examples of the range (Qh@e variables enc@xered among OECD i')
countries. These cases are: U ,b )

e US gasoline vehicle: fuel cost of $1.50 per gallgh)(Euro 0%9 litre), with a baseline fuel &
economy of 27 mpg (8.7 1/200 km), driven 12 000 @&s (19200 km) annually. %)

e EU gasoline vehicle: fuel cost of Euro 0.90 per litre ($(§5 per gallon), with a baselnﬁ%el
economy of 7.51/100 km (31.4 mpg), driven 15 000 k mlles) annually &\)
LeC

e EU diesel vehicle: fuel cost of Euro 0.75 per litre ($3.55 per galon) with a baseline fuel
economy of 5.6 1/100 km (42.0 MPG), driven 18 000 km (11,200 miles) annually.

Figure E-1. Estimated Fuel Savings (Percent) under Different Ambient Conditions
for Gasoline Vehicles
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Source: Analysis presented in Chapters 5-7.

A second measure, of “social” cost and benefit, was also calculated for each technology in each
situation, using CO, emissions reduction cost-per-tonne as the metric. This was calculated using an
estimate for untaxed fuel cost ($0.40 per litre) and discounting fuel use over average vehicle life at a
social discount rate of 3% per year. The results of the analysis on a payback-period and CO,-cost basis
are summarised below, and presented in more detail in the final chapter of the report.

TECHNOLOGY AND POLICIES TO IMPROVE VEHICLE IN-USE FUEL ECONOMY —ISBN 92-821-0343-9 - © ECMT, 2005
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Under the assumptions of a gasoline vehicle in ELQpe, with a regime cguropean fuel prices, i')
fuel economy and average driving levels, several gasoline &ngine technol oge cost-effective from )
the consumers’ viewpoint, especially at cold temperatur hIS |s illustr Figure E-2 in the form
of payback times shown for cold and hot ambient condltl ?a 50/50 share of driving in v
light and heavy traffic conditions). Under cold ambient |t|0ns ¥n the EU, most technologiesy)
except for idle stop and adaptive cruise control, are paid for fuel savings in three years or less, @S
should therefore be attractive to many consumers. Under hot t conditions, the situation
favourable to most technologies. Thisis to be expected since the test bocedure represents bient
conditions well, and cost effective technologies are likely to be already®i nt|gd@d@s a result of
market pressure. Under assumptions of a gasoline vehicle in the US, the situation is less favourable,
mainly since taxed fuel prices are much lower than in the EU. The low prices are partly offset by
higher fuel use, but only partly.

Figure E-2. Technology Payback Period (Years), Gasoline Vehicles
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Source: Anaysis presented in Chapters 5-7.

Results on the basis of net cost-per-tonne of CO, reduction are presented in Figure E-3. Instead of
average taxed fuel prices, which are the relevant figures for evaluating consumer pay-back times, the
estimates in Figure E-3 are based on resource costs: i.e. an untaxed retail fuel cost of $0.40 (reflecting
about $36/bbl oil price, plus refining, transport and retailing costs). Fuel use during the first 10 years
of vehicle lifeisincluded, at 3% per year socia discount rate. No external or social costs are added to
this price, in part to keep the cost-effectiveness estimates conservative (adding external costs related to
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oil use and dependency would raise the value of fueM saving and lower L, reduction costs). 9
Never-the-less, the results tend much more towards cost iveness than o from the consumer
pay-back approach. Most technologies are cost effectivme alow or ive cost per tonne CO,
reduction) in a least one of the geographic/ambient ci‘(h\lmstan sidered. Nearly all of the v
technologies reduce CO, emissions for under $100 per e in least some situations, whick)
although high in relation to the cost of some CO, redu strategies in other sectors, is f%I]y
competitive with other options for reducing CO, emissions i e transport sector. Most ? e
technologies reduce CO, for less than zero cost in at least some buations (i.e. the va&\:)o fuel
savings to society is greater than the cost of technology). These are clearlP* nﬁe@t@tec nologies
from a societal point of view. Results are somewhat better for US conditions than for Europe, sincein
this case the same fud cost is assumed for both regions while US fuel use per vehicle per year, and
thus the potential fuel savings, remains significantly higher than in Europe.

Figure E-3. CO, Reduction Costs ($/tonne), Gasoline Vehicles
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Source: Analysis presented in Chapters 5-7.

The literature review, mainly from U.S. studies, suggests that driver training often is not terribly
cost effective. However, the Netherlands has successfully exploited driving simulators for training at
much lower cost than estimated in the North American examples — extending the conditions in which
appropriate driver training shows good returns. The Netherlands' estimates are used here, showing that
driver training has short payback times and near-zero cost per tonne for CO, reduction.
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The diesdl case is less conducive to technology iIQJdUCtiOI’l partly bec of lower fuel cOSt v
savings and partly because diesel engines use less fug during cold stsy ever, shift indicator )

lights are cost effective for dieselsin all ambient and driving condition driver training and tyre

pressure indicators appear to be at the margin of cost- tiven he consumer. Under U.S. v
vehicle and fuel price assumptions, only a few cold-start ed tedhnologies are cost effective t€)
consumers in cold ambient conditions. Adaptive cruise conrol is far from cost-effective und I
scenarios, and will only be marketed for reasons other than fuel omy. From a CO, reductloq

point of view, most technologies are found to be aimost as cost eﬁ;ectlve as they are te Ilne
vehicles. e LeC

The cost-effectiveness analysis provides a good illustration of why most of the 13 technologies
identified have not made much headway in the market. Even at fuel prices prevalent in the EU, most
technologies are not very cost—effective for consumers (payback times exceed three years), or are cost-
effective only under the cold ambient/dense traffic conditions case. The notable exceptions are the
shift indicator light (SIL) and the dual cooling circuit system together with driver training (following
the European rather than North American approach). The SIL, applicable to manual transmissions, has
already penetrated the U.S. market but has not penetrated the EU, possibly due to the fact that
manufacturers do not get any fuel economy credit for its adoption on the test procedure. The dual
cooling circuit requires an engine cooling system redesign, and is likely to be introduced sowly as
gasoline engines are updated or redesigned. The costs of this technology are primarily associated with
capital investment in redesign, and best accomplished at the beginning of a product cycle for each
engine model.

In contrast to modest cost-effectiveness of gasoline technologies for consumers, most of the
technologies appear to be quite cost effective from a CO, reduction point of view, suggesting that
government intervention is merited to bring these technologies into the market and achieve the
potential social benefits they offer.

A number of gasoline vehicle technologies are cost-effective from both consumer and societal
viewpoints, and are primarily associated with shortfall reduction in cold ambient temperature and
dense traffic conditions. These technologies include the eectric water pump, energy efficient
aternator, heat battery (for pre-warming engine oil on start up), dua cooling circuits and 5W-20 ail.
Under cold ambient dense traffic conditions, the combination of all these technologies could increase
fuel economy by over 10%, on average, or up to 20% during winter months. These benefits are
available to most urban locations in Northern Europe, Canada, the Northern U.S. and Northern Japan.
Thisisapromising areafor policy intervention.

For diesel vehicles, methods to discourage high speed driving and discourage shifting gears at
high RPM appear to be the most cost-effective areas for intervention. However, perhaps due to the
inherently lower shortfall observed for diesel vehiclesin the early literature, there has not been much
focus on examining the impact of on-road conditions on diesel vehicle shortfall. More research on
diesel shortfall is warranted given the current rapid dieselisation of European passenger car fleets, and
indications from the small number of more recent tests in Europe that shortfall in modern diesels may
be much larger than for older diesel technology.
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A clear message from the available information on é'grtfall isthat c% test procedures in both -
the US and EU do not accurately measure average on\r}ﬁd fuel nomy of light-duty vehicles. )}

On-going efforts to better understand real world driving es anvadopting these in revised te)
procedures would help to minimize this inaccuracy. Gover ts have shown a reluctance to r?se

Policies to Promote Technology Introduction

test procedures, perhaps due to the complex and controversial nat(r; of establishing them. The id
revise their fuel-economy test procedures in the 1990s, and the Ubdoeﬁ provide an a%ﬁ fuel
economy figure on labels shown on car windows at dealerships, that reflefts ah_a@nﬁtio of lower
on-road than test MPG performance. But these steps appear insufficient to encourage manufacturers to
widely adopt the technologies covered in this report.

Short of revising fuel economy test procedures, a number of other policies may prove useful to
encourage wide-spread adoption of these technologies, particularly the more cost-effective ones.

Providing information to consumers on the benefits of technologies in different situations
(particularly cold temperatures and heavy traffic conditions) would be a positive step but may provide
only limited motivation for their adoption. As noted, the net effect of any one technology is only afew
percent reduction in fuel consumption, and the cost-effectiveness is often marginal (three to four years
payback) from the consumer’s viewpoint. However, many of the technologies are quite cost-effective
from a societal point of view; further, some technologies also have pollutant emission benefits at cold
temperatures and the full cost of these systems need not be allocated to fuel savings alone. Many
OECD countries have cold temperature emission limits that could be made more stringent to force
adoption of these technologies. Modest fiscal incentives to manufacturers in the range of Euro 100
($120) per vehicle to reduce fuel consumption under cold ambient/slow speed conditions could
promote their use, at least in some countries and regions.

It may also be possible to utilize voluntary agreements with manufacturers to introduce cost-
effective technologies in specific locations. For example, home air conditioners are now required to
meet a certain minimum efficiency level in the U.S. A similar (but voluntary) agreement could be
reached on vehicle air conditioners. Similar agreements could be made regarding the uptake of other
efficient technologies.

As discussed, driver training is cost-effective, assuming drivers do not lapse into old habits once
the training is over. The technology to support fuel-efficient driving is already available in many cars,
or can be added at very low cost (less than $10). Government subsidized training programs appear to
be a viable means to provide the required training. Such programs should be instituted along with
publicity about the programs, and subsequent popul arization with fuel-efficient driving contests, etc.

Finally, programs can be implemented that encourage consumers to purchase more efficient
after-market products such as replacement tyres and oils. Better information, rating systems and
labelling are an important step. But stronger measures such as differentiated tax/subsidy systems based
on product performance, might provide bigger responses and help achieve important socia benefits.

Overall, it appears that there is an opportunity to improve average vehicle on-road fuel economy
by 10-15% at low cost, but it will require government actions to achieve this. Governments are
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encouraged to explore the various policy options availa@to them, and select of technologies to i')
target that provide strong social benefits in the particular context (pr antly cold or warm )
climate, urban v. rural, fuel prices, average travel distances and baseline e fuel economy levels).

Of course, there are “ scale economies’ to developing congi§ient inc across markets, so adoption v
of single policy systems at the US or EU level may help he stromgest signals to the market, ané)
avoid confusion. @

Finaly, this report is the first in many years to seriously eng@hlstoplc and a kq%fq,&jmg is
that much more data and analysis is heeded. Vehicle testing programs to atl road fuel
economy, and how it various by various situations and vehicle types, would be extremely useful.
Further work to test the benefits of various technologies in reducing fuel economy shortfall, especially
for diesel vehicles and new vehicle types such as hybrids, is also much needed. A study that includes
systematic in-use testing of hybrid-electric vehicles would be particularly useful, especially as more
models come into the market over the next few years.

NOTES

1. Varioustermsare used to refer to vehicle fuel consumption rates, such as “fuel economy”, “fuel efficiency”
and even “fuel consumption”. Throughout this publication “fuel economy” is used. It is generally measured
in litres per 100km. In some places in the text mile-per-gallon (MPG) equivalents are also provided.

2. Payback period is defined as first cost of the technology divided by the value of annual fuel savings.
3. The cost of adaptive cruise control was found to prevent it from being a cost effective option for saving

fuel, and conventional cruise control available aready in the market achieves similar savings at much
lower cost. However, adaptive cruise control may also provide important safety benefits.
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All vehicle technol ogies have some effect on both test cyclegﬂsBQ road fuel econom gome
the percentage reduction in fuel consumption achieved on the road isQuitegs mjlar orded on
standard test cycle results. For others there can be significant differences. This difference |sfrequently
termed “shortfall”. While the test cycle has defined conditions, on-road conditions are highly variable.
Technology evaluations of shortfall must therefore focus on the specific on-road conditions that are
most responsible for shortfall.

This report describes how technologies and other measures affect and can contribute directly to
reducing fuel consumption and investigates how they influence the measurement of fuel consumption
through their relations with the parameters of vehicle fuel economy test cycles. The measurement of
vehicle fuel economy isimportant and it appears that there has been a sizable gap between the officia
test cycle emissions and actual on-road vehicle emissions for some years. This gap, or shortfal,
undermines the official measurement of CO, emissions and the achievement of national fuel economy
targets as well as consumer faith in the reported fuel economy performance of vehicles. Knowledge of
the causes of shortfall can be used to improve the test cycles themselves or to correct the results of
existing cycles, to provide a more accurate value of emissons and so ensure that consumer
expectations and Government targets are met.

Most importantly this knowledge can be used to select approaches to reducing CO, emissions that
deliver fuel economy improvements on the road in spite of any deficienciesin the test cycle. From this
perspective the report investigates the range of new technologies available to vehicle manufacturers
and the policies available to governments to make significant improvements to vehicle fuel economy,
through both technical and non technical means. The analysis for the report was undertaken for the
International Energy Agency (IEA) and the European Conference of Ministers for Transport (ECMT)
by Energy and Environmental Analysis, Inc. with input also from the Dutch energy agency NOVEM.

It should be noted that the report examines technologies for light-duty vehicles. Heavy-duty
vehicles are not included nor are technologies that improve system performance by making traffic
flow more smoothly. These issues, while important, are beyond the scope of this report. It should also
be noted that driver behaviour is only addressed in so far as it conditions the impact of the
technologies reviewed on fuel economy. Driver training, and instrumentation to provide feedback to
drivers on the effects of their driving style on fuel consumption, is a key avenue for reducing CO,
emissions and resolving test cycle shortfall issuesin its own right.

In carrying out the analysis presented here, the first task was to review previous studies on the
subject. Much of the existing body of work on shortfall was undertaken in the late-1970s and early-
1980s during the fuel crises. Since that time, there have been very few studies on shortfall, and none
are as comprehensive as those conducted 20 years ago. A review of these studies is presented in
Chapter 2. More recent studies do not contradict earlier results but the number of vehicles sampled in
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these studies is generally too small to draw definitive C@j usions. However, @y do provide further i')
insight into the causes and nature of shortfall. U ,b 3

The second task was to examine new technology baﬁg intro%g@nto vehicle fleets and use 1/
engineering analysis to estimate trends in shortfal asar f techologica change. The third task)
also deals with technology, identifying available technm that could be introduced to redyce
shortfall. Both tasks are covered in Chapter 5 for gasoline engin€ powered vehicles and in ChaQ 6
for diesel engine powered vehicles. The analysis builds on the findi ngbpf the literature revi

°

The final task was to develop “cost curves’ of technologies and actions to reduce shortfall, and to
identify policies to encourage the uptake of cost-effective technology. The results are presented in
Chapter 7.

The study found that due to the substantial variability of ambient and traffic conditions, it was not
possible to develop a single “supply curve” for technology applications. Rather, sets of technologies
best suited to shortfall reduction in specific climatic and traffic conditions were identified, and policies
to promote their uptake are suggested.
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As noted in the introduction, the major systematic studies of fuel ggonpmy, @f&-l\getween
official certification test fuel economy and on-road fuel economy were comp n the late 1970s

and early-1980s. The studies identified the causes of shortfal, and also estimated the magnitude of
shortfall from surveys of vehicle owners. It is widely known that vehicle owners can have fuel
economy significantly different from the official test value, but governments generally believe that test
values should not be so biased that the vast majority of drivers experience lower fuel economy than
the official value used for consumer information. Hence the U.S. publishes estimates of fuel economy
for consumers that are discounted from the measured test value; the city cycle value is discounted by
10% and the highway cycle value by 22%. These discounts have not been changed for the last two
decades; similar adjustments have been used in some other OECD countries, though not in Europe.
There has been no recent large scale study involving survey data to see if the adjustment factors are
still appropriate for modern vehicles.

The detailed studies conducted in the early 1980s do, however, provide useful insights for
examining how new technologies and changes to vehicle designs affect shortfall. The discussion
below provides a framework for examining the effects of new technology on shortfall.

The on-road fuel economy of a specific vehicle is sensitive not only to the vehicle technology but
aso to the loca geography, ambient conditions, driving technique and vehicle state of
maintenance/age. Hence, a given vehicle type can have significant differences in fuel economy
depending on its owner and location. These facts have been widely recognized, and most government
fuel economy programs have a disclaimer on the accuracy of the test fuel economy.

The late-1970s and early-1980s were periods when considerable work was done by regulatory
agencies in Europe, North America and Australia to examine the issue of shortfall. Several reports
provided a compendium of available information on this topic, including one published by the OECD*
in December 1981 and another published by the U.S. EPA? in Fall 1980. The two reports identified
very similar sets of causa factors, athough the USEPA report provided more quantitative
characterization of the effect of each causal factor.

Given that test fuel economy is measured under a specific set of ambient conditions and with
specific driving cycles, the main reasons for shortfall can be grouped as follows:

e Ambient conditions.
e Mixof driving cyclesand trips.

¢ Road conditions and topography.
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e Vehicle state-of-maintenance. D
U

v
Qpé 5
W & v

e  Driver behaviour.

e Vehicle accessories and cargo. O 9
These factors and their effects on fuel economy as characteﬁ;ed in the OECD and EPA r¢ports

are summarized below. X
°* LeC

Mix of Driving Environments

The mix of driving environments refers to the mix of city, suburban and highway driving (as
distinct from the cycle aggressiveness, which seeks to reflect driver behaviour). Obviously, thismix is
highly influenced by location and trip route, but many observers have commented on the fact that the
“typical” mix used, say, by the USEPA or by the EU to report average fuel consumption is probably
incorrect on average. The EU used to utilize a one-third each mix of urban, 90 km/hr highway and 120
kmv/hr highway fuel consumption values to derive a composite value, but a 1989 TRRL (UK) study®
showed a mix of 60% urban, 26% at 90 km/hr and 14% at 120 km/hr was significantly better in
matching “average” in-use consumption. The EU subsequently modified its test cycle, but the change
is not thought to have significantly reduced shortfall.

Increased congestion levels in the suburbs and highways may lead to increasing fuel
consumption, since city cycle fuel consumption in typically 30 to 40% higher than consumption at
highway speeds. However, it is less of an issue for consumers since city and highway fuel economy
are separately provided in most OECD countries.

Trip length is an important variable, especially from cold start conditions, for determining fuel
economy. Short trips generally result in higher fuel consumption due to the need to warm up the
engine to operating temperature. As noted, short trips at cold ambient temperature result in the greatest
fuel economy penalty. Even if average trip length is correctly represented in the test cycle, the non-
linear nature of the trip length effect will always result in on-road average fuel consumption being
worse than measured fuel consumption (i.e., the improvement in fuel economy for longer than average
trips does not compensate for the shortfall in shorter-than-average trips).

Higher levels of congestion with more extended idling also occur in many OECD countries, as
the suburbs become as congested as the city-centre. Extended idling or “creeping” forward at very low
speeds causes a very large fuel consumption penalty, but there is little analysis or data to provide
estimates how much idling/creeping type driving has increased over the years for the entire vehicle
fleet.

Road Conditions/Topography
The fuel economy certification test is conducted on a smooth tyre contact surface, and no
simulation of gradients is employed. In the real world, twisting roads, unpaved surfaces and

mountainous regions are also responsible for fuel economy reduction. In most countries, the effects of
twisting roads and unpaved surfaces are quite small, on average, because they are infrequently
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encountered. Travel under these conditions is generall small percentage Qtotal travel, and the 9

effect of winding roads and unpaved surfaces typically increases overall mption by 2 to 5%. )
These conditions often act to reduce driving speed, which has a favou effect on highway fuel

economy. \» Qs "7@

Mountainous condition can be more common in som ions/countries and the effect on fyel
consumption depends on the gradients encountered. Moderate ients (less than 4 to 5%) imﬁse
very small penalties on fuel economy since much of the energy Iosb‘n climbing is reco in the
downhill phase of driving. Steeper gradients, involving operation in a IQ\NeLQ@ €an Yiave large
effects since the climbing energy is also dissipated in braking downhill. Locations where steep grades
are encountered are quite limited in most OECD countries, and such areas are also less populated, so
that the average contribution to shortfall istypicaly limited.

Vehicle Accessories and Cargo

Many vehicles are equipped with a number of power accessories such as a stereo systems, power
windows/seats, defrosters and air conditioning. Typically, most certification tests do not test vehicles
with any of the accessories turned on. The U.S. test procedures simulate air conditioner use by
utilizing a 10% increase in the setting of the power absorption unit on the dynamometer, and the test is
not sensitive to actual air-conditioner performance. Typicaly, the use of these power accessories
degrades fuel economy, but their effect can be seasonal. Defrosters and air conditioners can use
significant amounts of power, but other accessories are not important contributors to shortfalls.

Of the accessory loads, only the air conditioner load is significant as a contributor to shortfal,
since other accessories such as the electric defroster are not typically turned on for long periods of
time. The air conditioner, when turned on, can decrease fuel economy by 10 to 20% depending outside
temperature and vehicle engine size. In some OECD countries such as the U.S. and Australia, air
conditioners may be used for six to eight months of the year.

An issue peculiar to light trucks is that many pickup trucks carry cargo or tow boats/campers, but
the certification test does not reflect thisfact. In fact, many OECD countries continue to test trucks at a
test weight equivalent to the curb weight + 300 Ibs. (136 kg), while many trucks operate with a load
significantly more than just the driver and fuel load simulated on the cycle.

Studies of actual on-road fuel economy in the U.S. (which has the greatest prevalence of light
trucks of al OECD countries) aso show that light trucks have greater percentage difference in fue
consumption between on-road and test value than cars (see Section 2.2.7). Part of this difference can
be attributable to greater use under loaded conditions.

Vehicle Technology-Specific Effects

Since shortfall is a function of many variables including location, season and driver behaviour,
any assessment of average shortfal, and variations of shortfall by vehicle technology require large
samples of data from an unbiased pool of consumers across all seasons and locations. Such large scale
surveys were conducted by the U.S. DOE and EPA in the late 1970s and early 1980s and a 1982 SAE
Paper by McNutt, er al.’> summarized the results of several years of data analysis. Shortfall was
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measured as the ratio of actual fuel consumption to t&st@el consumption, an
ratio (GPMR) was found to be sensitive to both technglogy and absolute
shows the results by drive train type (front/rear wheel); ansmlsson
delivery (carburettor/fuel injected) type. Of course, in t ime p%n
were available, so the results for these vehicles are not nece&@ly r t

ery few fuel injected cars v
ative of today’s vehicles. &)

The McNutt, et al. review of shortfall arrived at the followi n(yoncl usions: (6

e Shortfall varied by model year, and vehicle technology. For the 1981 @@y@rﬁhe GPMR
for cars was in the range of 18 to 24%.

o Rear wheel drive (RWD) carburetted cars with automatic transmissions had the highest level
of shortfall (and were also the most common type of vehicle in the database).

e Manua transmissions, front wheel drive and fuel injection were technologies that reduced
shortfall relative to the RWD, carburetted, automatic transmission equipped vehicle.

e However, data from the early 1980s showed increasing shortfall for some of the alternative
technol ogies mentioned above.

o Diesdl engine equipped vehicles were found to have lower shortfal, but this was based on a
small sample of vehicles (more recent tests in the EU have shown large shortfalls with
powerful diesel engines).

e Light trucks displayed higher levels of shortfal than cars for the same technology
combinations.

e Shortfdl is not a stable phenomenon but depends on the industry’s ability to optimize
technology performance over a specific test procedure.

The last conclusion suggested that the lower shortfall for front wheel drive and fuel injected cars
may have been an artefact of their relatively recent introduction at the time of the study. However,
engineering analysis suggested that there were also plausible reasons why the technol ogies would have
lower shortfall:

e Front wheel drive technology results in higher tyre loads on the drive wheels on the
dynamometer.

e Fue injection reduces the need for acceleration and cold start enrichment relative to a
carburettor.

e Manua transmissions could not have shift schedules optimized for the test-procedure (for

which the shift points are specified), whereas automatic transmission shift points could be
optimized for the test.
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o Diesd engines have very low fuel consumptloQ idle, and requi rele@old start enrichment
at start-up. U J

Hence engineering analysis would suggest that at Ieaé‘*)art of t@g&cﬂon in shortfall observed v
should continue into the future for these technol ogies.
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Figure 2.1. Shortfall by Vehicle Technolog® L e C“'
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Outside of Canada, no major data collection efforts involving large samples of data on in-use fuel
economy have been undertaken since the mid-1980s. The TRRL (UK) published a study® in 1989
based on data obtained in 1984 on model year 1980 to 1983 cars, involving a total sample of about
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3600 cars. The TRRL analysis found that on-road ftref consumption was approximated by

weighting the urban, 90 km/hr and 120 km/hr fuel congumption by 0.6, d 0.14 respectively. )
This mix predicted on-road fuel consumption within +£10% of observ es for about 93% of all
vehicles, although a smpler equation involving only ci\;\)fuel €c y was almost as good of aw
predicator of on-road fuel economy. O %

An important outcome of the study was the recognition thai{any car models exhibited on(—@’ad
fuel economy substantially better or worse than would be predicted bbegressi on analysis wodasured
to on-road fuel economy data. This suggests strong influences of b8th ha@_fa&urer specific
calibration, and drive train technology.

Lee Schipper, et al.® have addressed the shortfall issue in several papers published in the early
1990s. These studies examined shortfall from the aggregate view of total fuel consumption. They
pointed to a potential for increasing shortfall, but the studies did not estimate shortfall with levels of
accuracy sufficient to estimate technology effects.

Mintz, Vyas and Couley of Argonne National Laboratory (ANL) published a study in 1993 that
utilized survey data on fuel consumption from calendar year 1985, with a sample of about 4 500
vehicles. They found shortfall of 18.6% for cars and 20.0% for trucks. Although the authors state that
this is much higher than the EPA adjustment factor of 15% used for consumer fuel economy
information, the results are consistent with the results cited by McNutt, ez al. in that trucks have a
higher shortfall and that shortfall increases with increasing absolute levels of fuel economy. The ANL
study showed small cars and small light trucks to have the highest level of shortfall, and 1983-1985
model year vehicles to have higher shortfall than similar size 1978-1982 model year vehicles. Since
fuel economy of the 1983-1985 vehicles was higher than those of the 1978-1982 vehicles, thisresult is
consistent with shortfall increasing with absolute fuel economy.

Canada is perhaps the only OECD country that has continued to survey fuel consumption of on-
road vehicles in the 1990s. The most recent analyses of survey data® was published by Natural
Resources, Canada in 1999 using data from the National Private Vehicle Use Survey conducted in
1994-1996, with a final sample of about 7800 observations. Their data showed that actual fuel
consumption was 23.1% higher than the “55/45” combined city/highway fuel consumption measured
on the test for cars, and 27.9% higher for light trucks. Small cars showed a higher level of shortfall
(25.3%) than large cars (22.5%). In addition, vehicles in urban areas had a shortfal of 26.4%
compared to vehiclesin rural areas with a shortfall of 17.4%. It should be noted that al of the findings
are reasonably consistent with the detailed results from the McNutt, et al. paper published in 1983,
because the test fuel economy values for these cars have increased significantly for the fleet since the
early 1980s.

There have been a number of small scale “surveys’ ranging from test data published in car
enthusiast magazines to self-reported surveys conducted at websites. In general, data from enthusiast
magazines are far less reliable as most car magazines test new vehicles in (typically) aggressive
driving conditions for a few days. Web page surveys suffer from selection bias in that consumers
voluntarily posting their fuel economy result may be unrepresentative of the population.
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Some hybrid vehicles introduced in the U.S. havgeir owner websit
study by EPA® examined the owner reported website data for the Honda Ing}
these vehicles, the computer provides lifetime fuel omy on a d , SO that the issue of
erroneous owner computation of fuel economy is not r t. Th a Insight has an EPA test v
rating of 75.2 MPG for the five-speed manual transmissiongmodel, the “real-world” average wa$)
61.3 MPG from 127 data points reported on the website. The/fuel consumption shortfall is 22.7%, a
value similar to the shortfall for all cars reported in Canada. The {gyota Prius has atest rating of 57.6
MPG, and the real world average was 45.5 MPG, a 26.6% shortf I,bsed on amuch smﬁqr)&ample
of 22 data points. There were two owners who provided actual fuel consun@tioh_d@fﬁm ank refills
(as opposed to computer generated data), and refill based fuel consumption was found to be amost 7%
higher than computer calculated fuel consumption. While interesting, it is difficult to use these limited
datafor any statistically significant conclusions about hybrid car shortfall.

In Europe, we are not aware of any systematic study of shortfall, although there are many press
reports and much anecdotal information on shortfall. There are reports in the British press on the
supposedly poor on-road performance of hybrids. As an example, arecent (November 14, 2002) report
on Wintons World (www.wintonsworld.com/cars)™ claimed that car makers “routinely” exaggerated
fuel economy, a claim based on data from road tests of at least 600 miles. The Toyota Prius with a
combined EU fuel economy rating of 57.6 MPG actually delivered only 38.1 MPG on the road test, for
a 33.9% shortfall. Several diesel vehicles such as the BMW 330d and Audi A2 1.4 TDI were also
found to have a shortfall of about 33%. In related tests on BBC TVs “Top Gear” magazine, two
Renault diesels were found to have shortfall levels of 30%.

At the same time, several gasoline and diesel powered cars were observed to have low levels of
shortfall (less than 20%), suggesting that manufacturer-specific vehicle optimization, rather than only
technology, could play asignificant role in determining shortfall.
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Very detailed studies of shortfall completed in the early 1980s mn!’:_u%t@jﬁ‘f%e only
comprehensive sources of data to date. A small number of limited studies rtfall have been
conducted since, and their findings do not suggest that shortfall has increased dramatically in the last
20 years, or that the causes of shortfall identified earlier have changed. In that period, only the EU has
changed its test procedure by adding the ‘extra urban’ cycle, but this may not have significantly
affected the level of shortfall.

The most comprehensive findings on shortfall in the early 1980s showed that:
e  Shortfall increased with increasing absolute fuel economy.
e Lignht trucks had higher shortfall levels than cars.

e Shortfall was aso a function of vehicle drive train technology and possibly manufacturer-
specific calibrations.

Surveys of vehicle fuel economy in 1995 in Canada showed results largely consistent with the
findings from the 1980s in magnitude and trend. Others have speculated that shortfall may be
increasing either due to worsening traffic condition and higher highways speeds, or due to changes in
vehicle technology (direct injection engines with test-optimised electronic management systems and
hybrid vehicles). This may be true but remains unproven with real world data. Road test data by
magazines and TV programs do show manufacturer and technology specific shortfall differences, but
the small sample of vehicles and unrepresentative test conditions do not permit any significant
conclusions to be drawn.

Programs promoting driving style improvements, either through training or technology aids,
show that improvements in fuel consumption of the order of 10% are possible, but motivating drivers
appears difficult, even with higher European fuel prices. The significant contribution of driving styles
to shortfall was recognized even in the studies conducted 20 years ago, and similar margins of
improvement were thought possible then. Little has changed in the intervening period.

TECHNOLOGY AND POLICIES TO IMPROVE VEHICLE IN-USE FUEL ECONOMY —ISBN 92-821-0343-9 - © ECMT, 2005



it E
e — d/’ .
(@) 2

THE EFFECT OFmBIENT CONDITIONS ON FUEL E@/]Y - 31

[44) '
a éo [
U Q/’D 5

3. THE EFFECT OF AMBIENT CONDITIONS, \Iﬂ:lCL AINTENANCE AND O
DRIVER BEHAVIOUR ON FU CONOMY o

<
OV
o . . . Iy e ke c M

Asnoted in the literature review section, the major factors affecting shortf " (1) low ambient
temperatures; (2) short trips, especially in combination with low temperatures; (3) aggressive driving
and certain other driving behaviours; (4) mix of city/highway driving and actual driving speed under
each conditions: and (5) use of the air conditioner. Other factors such as topography, road conditions,
etc., are not major contributors to average shortfall, although they can be important in some specific
areas. The technologies of particular interest to this study are those that have small benefits on the test
but significantly greater benefits under in-use conditions. Those with the greatest impacts at low
ambient temperatures and in other critical conditions are likely to be of most interest.

The Effect of Ambient Conditions on Fuel Economy

Magjor factors affecting fuel economy are temperature, wind and precipitation (rain, snow). The
certification test is usually conducted at a temperature of 20°C to 25°C, whereas actual temperaturesin
most populated areas range from -30°C to +40°C. The test is aso conducted under zero wind and
preci pitation conditions.

Of the ambient conditions, temperature has the most significant influence on fuel economy. The
largest influence is when the engine is started from cold; during the first kilometre of travel from a
“cold” start even at 20°C, the fuel consumption is up to three times higher than with a fully
warmed-up engine. Both the OECD and EPA reports suggest a fuel consumption increase that is
directly proportional to (30 — T)°C, where T is the ambient temperature, and inversely proportional to
trip length. (Above 30°C there is no change to fuel economy.)

Even with the engine fully warmed up, low ambient temperatures reduce fuel economy due to
greater heat losses from the engine and increased drive train and tyre friction. The OECD andysis
suggests a change of the order of 0.2% per degree decrease in ambient temperature to 0°C and 0.5%
from 0°C to -20°C. The cold start fuel consumption factor is much larger, but trip distance dependant.

Wind and precipitation can act to increase fuel consumption, but they have a relatively small
average effect, partly because high wind conditions or heavy precipitation are relatively infrequent in
most places, and driving is also typically reduced under these conditions.

The Influence of Vehicle Maintenance on Fuel Economy

Studies conducted in the late 1970s and early 1980s showed that severa common defects in
vehicles could increase fuel consumption by 10 to 20%. Thisincluded arich mixture adjustment of the
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fuel metering system (carburettor, fuel injection) and@e loss of spark to ? or more cylinders 9
(misfire). Repairs conducted on small samples of in-useyehicles (5 to 50 v, €s) in many countries )
showed average benefits in fuel economy in the range o to 10%, wit e vehicles experiencing
much larger benefits. However, the benefits measured im |ately I—galr are not likely to persst v
indefinitely on the road. O

The advent of emissions related inspection programs, now mon in most OECD countrk&@as
well as changes in engine technology, has made severe mal performalke much less commgagdw than
in the 1970s. However, some small fraction of vehicles in the fleef will havp metpefforthiance that
resultsin significant lossin fuel economy.

More modest effects of vehicle maintenance on fuel economy are associated with dirty air filters,
use of higher viscosity engine/transmission oils, “sticky” brake linings and incorrect tyre inflation and
wheel alignment. Dirty air filters can cause fuel economy to decline by up to 6% in older vehicles, but
has smaller effects on modern vehicles with “closed-loop” air fuel ratio control. Surveys of vehiclesin
the U.S. found up to 10% of all vehicles with misaligned wheels, and up to 70% of all vehicles with
tyre pressures lower than recommended. Tyre pressure reductions were stated to affect fuel
consumption by 2.5 to 3% per psi reduction from recommended levels, according to the OECD report.

The literature review showed that in the 1980s, poor maintenance of some fraction of vehicles
contributed significantly to shortfall. Repair or tune-up of in-use vehicles was found to provide
average improvements of 5 to 10% in fuel economy, with some vehicles experiencing much larger
improvements. Such large improvements are not likely in newer (post-1990) vehicles for several
reasons. Most modern cars and light trucks sold in OECD countries feature electronic fuel injection
and el ectronic spark control, and these technologies require no special maintenance or adjustment over
the vehicle's life. Indeed, some new vehicles advertise the ability of the engine to be operated with no
“tune-up” over 100 000 miles (160 000 km). Most electronic systems also feature self-diagnostics, and
serious problems are communicated to the driver and/or compensated for by the electronic control.
Moreover, the electronic systems cannot be easily tampered with or maladjusted, problems common
with carburettors and mechanically controlled ignition systems. In addition, most OECD countries
have instituted some form of annual/biennia inspection program for emissions, so that vehicle owners
cannot continue to operate indefinitely with malfunctions that increase fuel consumption and
emissions, asin the past.

These factors, coupled with increasing reliability of engine controls, have resulted in very few
vehicles failing the emission test even at quite stringent pass/fail standards. For example, inspection
programs in the U.S. report failure rates of 5% or less for post-1990 vehicles, although the existence of
the programs itself could be a major reason for better maintenance. Typically, any malperformance
causing a significant increase in fuel consumption will cause a vehicle to fail the emissions test.
However, some vehicles failing the test (especially those failing for high NO, emissions) may not
necessarily have reduced fuel economy.

An analysis of post-1985 cars failing the emission inspection and subjected to repair was

conducted by EEA using data generated by U.S. EPA. On a sample of 116 vehicles, 71 vehicles
experienced an average increase in fuel economy of 8.9%, while 45 exhibited a decrease of fuel
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economy after repair of 3.5%. While the post-repair ax@ge increase was W?ositive, the analysis i')

shows that maintenance could decrease fuel economy, far some fractio ars. In addition, the )
relatively large average positive benefit for the 71 cars Was due to a bset of seven vehicles
experiencing very large increases in fuel economy (>2@) due acement of failed oxygen v
sensors. These cars did not have self-correcting diagnostics,@nd suchYarge increases in fuel economy)
with oxygen sensor replacement are unlikely in more moder# vehicles. Hence, engine mainten@:e
issues can no longer be considered as having a significant influen@n shortfall. \)(

X

The Importance of Driver Behaviour for Fuel Economy o L e C

Driving styles introduce large variations in fuel economy. Driver behaviour is complex and can
be characterized by numerous independent parameters. Among the most influential behavioura factors
effecting fudl economy are:

o  Selection of gear change RPM (engine speed — revolutions per minute).

o Acceleration and deceleration patterns.

e High speed driving.

e Prolonged idling.

ECO-DRIVING Style Recommendations (from NOVEM)

e  Shift up assoon aspossible. For petrol/LPG cars at amaximum of 2 500 RPM, for diesel
cars at amaximum of 2 000 RPM.

e Maintain asteady speed, using the highest gear possible.
e Look ahead asfar as possible and anticipate movement of surrounding traffic.

e When dowing down or stopping, decelerate smoothly by releasing the accelerator well
ahead of time and coasting, leaving the car in gear.

Source: Interpretation of Driving Style Tips, TNO Automotive, report for NOVEM, 2002.

Many consumers are to some extent aware of the fuel economy consequences of hard
acceleration and high speeds but choose to drive in a non-fuel economy-maximizing manner due to the
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gested fuel economy )

non-monetary benefits they perceive. Nevertheless, bet@i oural changes cang
significantly™. Results from studies conducted in Europe &nd the U.S. hav,
gains of 5 to 20% are possible from driver training. In te last decad engine technology and
performance of both passenger cars and trucks has imp@ed rapiq_r? ile most drivers have not v
adapted their driving style. Their driving is thus not suited tg=jodern ®ngine technology characterised)
by high power, high torque a low RPM, electronic engine agement, turbo chargers and varigble
valve technology. “ECO-DRIVING” as defined in European ries such as the Netherlands‘ahd
Switzerland is an adapted driving style, which best fits modern endpe technology. EC VING
means smart, smooth and safe driving at lower engine speeds (1 200 — 2 509 Rﬂ/l @/Ifeh Saves 10%
fuel on average.

European governments have focused on the issue of on-road driving practices, and severd
programs to support “ECO-DRIVING” are underway in countries such as Netherlands, Sweden,
Germany and Hungary. At a conference held in May 2002 at Utrecht the Swedish National Road
Administration (Vagverket)*? reported on the results of a training program for light-duty vehicles.
About 1000 drivers were trained in Sweden on how to drive economically, and fuel consumption on a
fixed circuit was measured before and after training. The decrease in fuel consumption measured was
about 12 to 13%. Long-term follow-up indicated that fuel consumption decreasesin real traffic werein
the 5 to 10% range. Most of the drivers were commercial drivers and their employers had a strong
incentive to save money.

While these studies show the potential for driver training, it should be noted that the results may
be influenced by a self sdlection bias, i.e., the people who were trained in ECO-DRIVING courses
were more interested to learn this driving technique relative to the general population. This bias
disappears if the driving technique is part of the regular driving curriculum, as it now is in some
countries.

Much experience has been gained by NOVEM in the Netherlands both with individual courses
for licensed drivers and with training provided as part of driving school curricula. More than 90% of
the instructors and examiners in the Netherlands have taken voluntary ECO-DRIVING lessons and
been instructed in teaching the principles of this driving style to student drivers as well. Severa ten of
thousands of new drivers have been made familiar with ECO-DRIVING in driving lessons since 2002.
ECO-DRIVING will be judged in exams from about 2005.

The individual courses have proven to result in savings of at least 10% on average and over 30%
for some drivers. The reference for comparison is the driving style often taught in the past, that
typically encouraged driving at too high RPM levels in too low gears and exaggerated vehicle
dynamics (frequent acceleration / deceleration / high speed). However, much of the fuel savings may
come from proper shifting of a manual transmission. This is not an issue for automatic transmission
equipped vehicles, which are the majority of vehiclesin North America.

The use of driving simulators in training courses has been found to save time and resources and is

almost as effective as on-road training, and additional tools such as computer games on CD-ROM and
Internet have been developed for learning ECO-DRIVING at home.
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ing style” that is not i')
, €electronic engine

The main group of licensed car drivers who are ac@tomed to the “old
suited to modern engine technology (high power, hig % torque at low,

management, turbo-chargers and variable valve technoltQy) are not by the new driving
curriculum. It is impossible to train the many millions of IVers in a few years with the v
available methods and training capacity and the existing li ess and willingness to spené)
money on driving courses. An alternative approach to stimtiete a fuel -efficient driving style g
licensed car as well as truck and bus driversis to introduce feedbdcls devices in vehicles, such

gauges marked for fuel economy, fuel economy displays (using ecorbneters or on- board uters),
tyre pressure indicators, traffic information systems and shift indicators (seéchai:)_er@
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Investigation of driving cycle — emissions relationships has led tkgdjustm ts) r@u’fﬁtl ons. The
EPA and California Air Resources Board (CARB) have developed driving cyc represent more
aggressive driver behaviour and the European Unions regulations were adjusted to add an extra-urban
element to the test cycle. Data from tests of vehicles on these cycles as well as the more standard
driving cycles can be used to compute the effect of driving behaviour on fuel economy. These
resulting fuel economy figures can aso be used in conjunction with the parameters of the driving
cycles to investigate the relationship. The EPA and CARB provided EEA with emissions data from
carstested on severa driving cycles, and these were analyzed as follows.

Concern that the standard U.S. Federal Test Procedure's urban and highway cycles faled to
capture the effect of more aggressive drivers on measured vehicle emissions led the CARB to develop
a new cycle caled the Unified Cycle. In 1996, as part of their program to evaluate the Unified Cycle
(UC), CARB carried out an emissions study on 17 vehicles, comparing the emissions under this cycle
to those produced by the same vehicles under the Federal Test Procedure (FTP) city cycle* The UC is
intended to represent aggressive city driving, with high rates of acceleration and deceleration, high
maximum speeds but low average speeds, while the FTP (city) is a more conservative urban driving
cycle, with starts and stops but lower acceleration and decel eration rates.

The key parameters of both cycles are presented in Table 4-1. The cycles are similar in their
average and maximum speeds. However, the UC is significantly more aggressive in other respects.
The UC' s average acceleration exceeds the FTP (city)’'s by 30%, while the maximum accel eration and
deceleration are both over 100% greater.

Fuel economy data on the 17 vehicles tested over the two cycles showed that the fuel economy on
the UC was significantly lower than that on the FTP. It is worth noting that al but one of the vehicles
exhibited a decline in fuel economy on the UC cycle, with a maximum of a 14% decrease and an
average of a 5% decrease in fuel economy on the UC relative to the FTP. Figure 4-2 shows the fuel
economy decline relative to the FTP for the UC driving cycle for the 17 cars.

Figure 4.1 shows that there is considerable car-to-car variation in response, consistent with
previous findings. Only one car of the 16 exhibits a decrease in fuel economy on the FTP relative to
the UC (a 1982 GM Caorvette) while al of the others experience an increase, with the greatest being
over 14%.

Rather than being random variation, this range of fuel economy impacts are directly related to the
power of the cars, more specifically to the horsepower/curb weight (HP/WT) ratio. The HP/WT ratio
was calculated for each car in the sample, and the fuel economy penalty was found to be related to the
ratio. The results, presented in Figure 4-2 below, imply that for a powerful (HP/WT ratio over 50 HP
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, but for those cars 9

Sedan whose HP/WT
a 6% fud economy

per 1000 Ibs.) car, the fuel economy penalty for aggrQurban driving is min
with a lower HP/WT ratio, the penalty can be significant.\For a typical fami
ratio is around 0.04, it appears that aggressive driving™a city speeds

v

penalty. Q.
O 7
(0
Table4.1. Parameters for FTP and UC Drivbg Cycles ,‘\)
e | oC

FTP (city) UuC
Average Speed (mph) 21.18 24.63
Maximum Speed (mph) 56.70 67.20
Average Acceleration (mph/sec) 0.89 1.15
Maximum Accel eration (mph/sec) 3.30 6.90
Maximum Decel eration (mph/sec) -3.30 -8.80

Figure4.1. Fuel Economy Penalty on the UC Test Cycle Relative to the FTP (City) Cycle

Frequency
w

<0 0-3 3-6 6-9 9-12 12-15

Range of Fuel Economy Penalty (percent)

Source: California Air Resources Board.
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A second pair of driving cycles developed for emiQns testing also fa,(é?es an analysis of the i')

fuel economy impacts of aggressive driving at high eeds. The U.S highway cycle was )

developed in the early 1970s to be representative of dri on suburb ways or expressways.
The US06 cycle was developed in the mid-1990s by ob ng act s and building a cycle to v
resemble the driving attributes of the 15% ‘most aggressiyeX driver Where aggressive driving' i)
characterised by high rates of acceleration, deceleration an h maximum and average speeds. ae
attributes of these two cycles are presented in Table 4-2. &
b 1\)
°* | ecC
Figure 4.2. Fuel Economy Penalty as a Function of Horse Power
to Weight Ratio
16 -
14 - * o
12 L 2
O
<
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8
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Horsepower/Curb Weight Ratio

Source: California Air Resources Board.

Table 4-2 shows that the USO6 is ‘more aggressive’ than the FTP-HWY cycle on severd
measures, athough the average speed is virtualy identical:

e  Themaximum speed is over 30% higher.
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e  Both the maximum acceleration and decel eratio\‘iima are over @Q higher.

O < K

o Theaverage acceleration rate is over 300% hi g@. é

Y
3
v

Table 4.2. Parameters for FTP (Highway) and @E)riving Cycles (0
X
[] C *
FTP (HWY) L &
Average Speed (mph) 48.27 48.37
Maximum Speed (mph) 59.90 80.30
Average Acceleration (mph/sec) 0.384 1.383
Maximum Accel eration (mph/sec) 3.20 8.40
Maximum Decel eration (mph/sec) -3.30 -6.90

Figure 4.3. Fuel Economy Penalty US06 Vs FTP (Hwy)

12

10

Frequency
[«2)

25-30 30-35 35-40

Range of Fuel Economy Penalty

Source: Energy and Environmental Analysisinc.
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EPA tested arelatively large sample of cars on the L@)G and FTP city driw cycles but not the i')
FTP highway cycle. The vehicle specifications (engine/t ission) werei lete in the EPA data
base and the FTP highway cycle “officia” fuel econo vaI ue could? be directly determined.
Instead, EEA matched the city cycle fuel economy value he test value within 0.5 mpg and v
used the test car list based highway fuel economy as the @ppropriate value for each vehicle. Thléo
process resulted in matched US06 and FTP highway val for 30 cars. The observed ch
between the measured US06 fuel economy and the official high(/,f\y fuel economy test value fQ
sample are presented in Figure 4-3. All of the cars exhibit a large dbbease in fuel econou@\)angl ng
from 25% to as high as 48% when driven on the US06 cycle, as compared ®o tll_fl@ £enomy on the
FTP highway.
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5. TECHNOLOGIES TO IMPROVE FUEL EC&'IQIOMY OF G@&INE VEHICLES

Substantial changes to vehicle technology have occurred sin 980 in response to the conged
forces of fuel prices, regulation and consumer demand. While vehicléfuel economy |ncr idl
in the early-to-mid-1980s in most OECD countries, there was a Ien y period (1 95) when
new vehicle fuel economy was relatively flat. Since the mid-to late 1990s, fuel economy has increased
in Europe and Japan, but has remained relatively constant in North America and Australia. Other
vehicle attributes also changed significantly over the 1980-2002 time period. In the U.S,, there has
been a very large sales shift to “light trucks’ of the compact van and sport-utility type; since 1980,
compact van sales have increased from a few thousand to about 1.3 million per year, while sport utility
vehicle sales have tripled to over three million per year in 2002. Similar trends are seen in Canada and
Australia and, albeit to a substantially lesser degree, in many EU countries. Average vehicle
horsepower has increased considerably in al OECD countries, rising by 25 to 50% since 1980.
Vehicle weight for the same size (interior volume) vehicle has also increased due to the addition of
luxury features. In particular, many consumer desired features such as more use of glass, anti-lock
brakes, stability control and four-wheel drive, have played a major role in weight increases. The
increase in the weight of power trains with performance is aso significant. Passive safety features
including new crash-test standards and air bag requirements have also had an impact, though are
calculated to account for less than 30% of weight increases in Europe™. In spite of these changes,
technology improvements have resulted in fuel economy improvement since 1980 in al OECD
countries.

Broadly speaking, vehicle fuel economy improvements can be realized by:

Reducing the tractive force requirements by reducing vehicle weight, drag and rolling
resistance.

e Increasing the average efficiency of the engine over the drive cycle.
e Reducing internal friction losses.
e Reducing power consumption by accessories.

e Limiting engine speeds (by changing transmission ratios and through use of automatic gear
changing).

A large number of technologies are available to reduce energy losses in each of the areas listed.
Many have been already adopted since the 1980s in a majority of cars, while others are in the early
stages of adoption. A significant number of technologies have yet to be adopted, or are currently
available only in very small fraction of models, typically luxury cars. In general, technology utilization
across the OECD countries does not vary dramatically, except for the use of diesel engines.
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Weight reduction by the use of aternative mat@als is being wide ilized by al auto- i')
manufacturers. However, as vehicle size and featureg ifcrease, the wej eduction offered by )

aternative materials is offset by the weight increase fronTthese factors. nstant size and features,
however, weight reduction has been accomplished by (in easing market penetration): v

e Moreextensive use of high strength low alloy (HSLQ sted in the body structure. 2

<
o Useof auminium castings for the engine block, cyli nder(h/ebrand transmission c@)
* LecC

o Useof lightweight composite (plastic) materialsin the vehiclesinterior.

e Useof composites to replace steel for body closures (bonnet, etc.) and the bumper.
e Replacing steel suspension members with aluminium forgings.

o  Useof gpace frame or monocogue aluminium body-in-white.

While the use of HSLA, aluminium castings, and lightweight plastics in interiors is now
common, very few vehicles use aluminium bodies. Aluminium bodies are currently only used in afew
luxury car models, due to their high cost. Weight reduction has a larger benefit in fuel economy under
stop-and-go driving conditions than at freeway speeds.

Drag reduction has also occurred in all OECD countries, with the drag co-efficient decreasing for
most vehicles by 10 to 15% per decade. However, increases in frontal area have partially offset some
of the benefits of drag reduction. In general, European cars have somewhat lower drag co-efficients,
on average, than Japanese or North American models, possibly due to the relatively high speeds
permitted on some European motorways. Over the next ten years, the historical drag reduction trend is
expected to continue, but ultimately drag co-efficients will reach some practical limits below which
their reduction will involve significant compromises in appearance or space utilization. These limits
arelikely to be approached by 2015-2020.

Tyre ralling resistance co-efficient has also decreased at about the same rate as the drag
co-efficient, but this reduction has been partialy offset by the trend of increased tyre performance in
terms of traction and handling. The net fleet average decrease in rolling resistance co-efficient after
accounting for performance improvements has not been large (about 5% per decade) in OECD
countries. Tyre rolling resistance at constant tyre properties can be reduced by new formulations of
rubber and new belt materials that reduce hysteresis losses, as well as by improvements of the design
of the tread and side-wall.

As noted, the net reductions in tractive force have not been large in spite of the introduction
weight, drag and tyre rolling resistance reduction technologies. Thisis dueto increasesin vehicle size,
performance and features. Because the effects of the technology improvements are felt at all in-use
conditions, they do not result in very significant changes in shortfall — improving performance on test
and on-road conditions more or less equally. At the same time it is possible that the higher level of
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drag reduction in Europe contributes to some shortfa@eduction a high S on expressways, i')

reflected in overall shortfall figures to the extent that ave@e driving speed increased. )

Engine Technologies \» Q\ )]
(%)

Conventional (stoichiometric) operation gasoline engines’/continue to have the dominant market
share of power plants sold in most OECD countries, although |r(§>me countries, the direct inj n
diesel has ailmost equalled the share of gasoline engines. However, convent| ond gasc#@engl ne
has changed significantly since the early-1980s, and new technologles th& cta@c tfall have
been incorporated.

In general, engines from the early 1980s were mostly overhead cam (OHC)/two-valve type in the
EU and Japan, and older overhead valve (OHV)/two-valve type in North American and Australia.
Typicaly, OHC engines had specific output of 45 to 50 BHP/litre while OHV engines had specific
output of 30 to 35 BHPI/litre in the early 1980s. Since that time, specific output has increased greatly
due to:

Higher compression ratios.

e Improved intake and exhaust manifolds.

o Improved cylinder head and valve port design.

e Useof two or moreintake valves and two exhaust valves.

e Reduced internal friction.

e Application of electronic injection and engine management systems.

Most engines in all OECD countries are now of the four-valve/OHC or double overhead cam
(DOHC) design with specific power output in the range of 65 to 70 BHP/litre. The larger light trucks
in North America continue to use two-valve engines in most models; GM is unique in still having a
family of OHV two-valve engines, but these engines have been improved to produce 55 to
60 BHP/litre.

The 50 to 60% improvement in specific power has alowed modest performance increases while
simultaneoudly reducing engine size in some models, and has allowed significant increases in power at
constant engine size in other models. Fuel consumption during idle and braking are largely functions
of engine displacement, and the fact that displacement has not increased suggest that idle and braking
modes that contribute to shortfall have not worsened due to the power increase.

Variable valve control has the potentia to significantly reduce light load pumping losses. The
simpler technology of variable valve timing (VVT) by cam phasing has been widely adopted in luxury
cars in Europe and North America, and in a large fraction of all cars in Japan; in fact, amost all
Toyotamodelsin 2003 had VVT. Variable valve lift and timing (VVLT) isless common; Hondais the
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only manufacturer to have a two step (or three-step) Qve lift control in y of its models. A 9
continuously variable lift system was recently introducﬂgy BMW in its 7-series cars. More
exotic technol ogies actuate the valves without camshafts, ng hydrauli |c ectric solenoids, but it is

not clear if the additional cost is worth the marginal b |n fu y relative to mechanica v
VVLT systems. Such systems will reduce shortfall in inner drivihg, but will increase shortfall ||69
high speed or aggressive driving.

Cylinder cut-out also eliminates engine pumping loss, but ?s/abphcable primarily L;@?\/ -12
engines, and possibly, to six-cylinder engines. Hence, it has much more®m et@t@t in North
America and Australia than in the EU, where almost 80% of vehicles have four-cylinder engines. The
effects on shortfall are similar to those for VVLT. At present, cylinder cut-out is used in a few luxury
cars, but alarge fraction of V-8sin North America are expected to utilize this technology by 2008.

Fuel injection and computer controlled electronic spark timing had aready replaced the
carburettor and distributor based ignition systems by the early 1990s. While fuel injection can reduce
shortfall by reducing cold-start and acceleration enrichment, the computer control of fuel and spark
timing alows closer “tailoring” of fuel economy to the test cycle. This raises the possibility of
increased shortfall in off-cycle conditions.

Lean burn gasoline direct injection (GDI) engines have only recently entered the market in the
EU and Japan, but had not yet been introduced in North America as of mid-2003. The GDI engine
operates lean at light loads but reverts to stoichiometric operation (like a conventional gasoline engine)
at high loads. At light loads, the GDI engine will have many of the advantages of a diesel engine (see
below) in terms of reduced shortfall. However, the transition to stoichiometric operation at high loads
makes the fuel economy quite sensitive to how the vehicle is driven. In particular, ‘aggressive’ driving
will have a strong effect on shortfall with the GDI engine. Anecdotal reports from the EU with the first
GDI engines introduced in the market in 2001/2002 have indicated that on-road fuel economy is
substantially worse than advertised.

Transmission Technologies

In the early 1980s, most automatic transmissions had three to four forward speeds, while most
manual transmissions had four or five forward speeds. Automatic transmissions were dominant in
North America with a market penetration of about 76% while manual transmissions had the
remainder. In Europe, the market share split between automatics and manuals was the opposite of the
split in North America, with Japan and Australia having near equal market spilt of automatic and
manual transmissions. Since the 1980s, market penetration of automatic transmissions has increased
worldwide, with the U.S. market penetration at about 93% in 2002, and market penetration in Japan at
about 80%.

A number of new technologies have been introduced for automatic transmissions. The number of
forward speeds has increased so that the current market utilizes four or five speed automatics, while
six speed transmissions have recently been introduced in luxury cars. Torque converters now utilize
‘lock-up’ of the hydraulic impeller and turbine at steady speeds to minimize slippage loss. Electronic
control of shift points and lock-up is now common.
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Manual transmissions have also increased the n@ber of forward spés from four/five to 9
e

five/six. A new development is the “automated” manugl jransmission w shift functions are )
performed automatically, and this transmission differs from the conv%@ tomatic in not having a
ed

torque converter. While the elimination of the torque cjwerter r osses, the shift quality is v
compromised, and many observers believe that such asyster@ only Sdited to sports cars or small caré)
where shift quality may not be a major issue. 2

Otherwise the technology of the manual transmission system hbnot changed signifj aq&y The
use of “shift indicator lights’ (SIL), however, has become common in Non{ﬂ @ﬁe& he light
provides a signal to the driver to shift up or down in a manner that would maximize fuel economy.
European manufacturers do not use SIL since it cannot be used to determine gear shift points under the
EC test procedure. In the U.S,, the EPA allows its use on the certification test, but the results of this
test are not used directly to report fuel economy. Rather, the test is conducted with and without the SIL
and the SIL “use weighted” results are provided. SIL use rates are established by consumer surveys
and the typical use rate is 40 to 50%. However, the low market penetration of manual transmissionsin
North Americaimplies limited fuel consumption benefits from the use of the SIL.

A new type of transmission called the continuoudy variable transmission (CVT) has also been
introduced in the marketplace in the late 1990s. The CVT is likely to replace the automatic
transmission with gear steps especially in smaller cars with transverse, front-wheel drive. It is not clear
if CVT will contribute to an increase or decrease in shortfall, since the transmission does not
significantly change the operating characteristics under conditions most prone to causing shortfall.

Accessory Technologies

Improvements to vehicle accessories can reduce shortfall, since most accessories are not operated
during the certification test. Typica engine driven accessories include the alternator, power steering
pump, oil pump, water pump and air conditioner.

Alternators used in most vehicles are designed for low cost but have an efficiency of only 50 to
60%. During the certification test, the vehicle typicaly has all mgjor electricaly driven accessories
(such as lights, fan and defroster) off, so that electrical loads are low. Improved aternator efficiency
has only a small effect on the test fuel economy but potentially larger effects during on-road driving
with additional electrical power demands. To date, very few vehicles employ efficient aternators,
although this may change with the use of higher voltages (42 volts) or hybrid electric gasoline
vehicles. (42V and hybrid systems are discussed below.)

Water and oil pumps are also designed primarily for low cost and durability but not for
efficiency. These pumps operate continuously, independent of demand. Electrically driven water and
oil pumps could be utilized to match output to cooling and lubrication demand, but because of the
small benefits over the certification test these devices have not been adopted by the marketplace.
Nevertheless there have been recent design improvements to water and oil pumps that make them
more efficient.

The power steering pump operates continuously and is very wasteful when the steering is not
being used to turn the vehicle. In this case, the test procedure reflects the worst case condition since
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the wheels are never turned during the test. Electric poter steering (EPS) ’@ovide “on-demand”’  —
i

power and reduce fuel consumption significantly (2 to 3f6)} However, shor ill likely increase by )
a small amount if EPS is widely used due to the fact that”the EPS will e active during the test.

EPS was first introduced into the marketplace in the Iatel%bs. Q\ v
(%)
The air conditioner compressor used in many vehicles inxed displacement unit that is simply
throttled for reducing the cooling rate. More efficient technol ogi?i nclude the variable displ t
compressor, or the fixed displacement compressor with a cycling cl uﬁhe Typically, the airgopditioner

for alarge car or sports utility vehicles absorbs 1.5 kW of power at idle RPW anld_ug_:goiS at high
RPM. Advanced air conditioning systems using variable displacement, microprocessor controlled
compressors, and recirculation of interior air, can reduce shaft power requirements by over 50%. Even
more advanced heat pumps that are driven electrically can reduce loads by 70 to 75%, but the
electrical load will require the use of higher voltage (42V) systems compared to the 12V system used
today. Variable displacement compressors have penetrated the market in the U.S., but heat pumps
have not yet been introduced. In the EU, air conditioning installation rates on new cars are quite low.

It isalso possible to reduce air conditioner cooling demand by improved roof insulation and using
specialy tinted glass that acts as a barrier to infrared radiation. Roof mounted solar panels that provide
electrical power to circulate cabin air when the vehicle is parked can act to reduce initial heat load on
the air conditioner system. Such systems have been demonstrated but are not yet in production.

Design changes to the cooling system to improve engine warm-up from cold start have been
demonstrated. One concept widely tested in the early 1990s was a “ heat battery” that utilized a special
canister containing a salt to store heat when the vehicle was shut down. Upon restart, the engine
coolant is circulated through the heat battery to rapidly warm up to operating temperature. This
technology can be useful in cold temperature/short trip Situations to reduce shortfall. A smpler
technology is the “dua cooling circuit” concept where the cylinder head and cylinder walls have
separate cooling circuits, so that engine warm up time can be reduced significantly. Neither
technology has been introduced in the marketplace as of 2003.

Hybrid Technologies

Combining an electric motor with the engine provides opportunities to maximize engine
efficiency on both test cycle and on-road operating conditions. Typically, hybrid power trains can
improve efficiency by the following means:

e  Engine shutoff during idle/braking.

e Launchassist.

e Regenerative braking.

e Electrictraction at low speeds.

e  Transmission optimization.
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The listing above is arranged in order of increQ@ electrical ener orage requirements 9
(usually a battery) and increasing cost. Shutoff at idle braking can b omplished even with
12 volt electrical systems and existing batteries, athougmore advanc her energy systems are
preferred to keep accessories operating during engine off. Hi evels of hybridization can v
increase system efficiency to obtain fuel saving of up to 50%een a city“riving cycle (stop-and-go), bué)
efficiency increases at highway speeds are substantially lower’The benefits of hybrid systems andshe
affect on shortfall can be complex. Two example cases are coﬁ;’dered here a ‘mild’ 42V id
system and a“full” hybrid operating at 300+V. i

* LeC

The 42V hybrid system improves fuel economy primarily by shutting the engine down during
braking and idle. Thisfactor can improve fuel economy by 7 to 9% on the city cycle but has no benefit
for highway driving. However, the shut down feature is not initiated until the engine is fully warmed
up, so that fuel economy is not improved in cold temperature/short trip operation. Depending on
battery storage capacity, use of the air conditioner can also override the shutdown feature.

42V systems can aso provide fud economy benefits from increased electrical system efficiency
(~1%), and from modest levels of braking energy recovery and launch assist (1 to 2%). These factors
are not subject to the effects of cold temperature/short trip length or air conditioner use.

If the electric motor/generator is crankshaft mounted, it may be possible to improve the torque
converter efficiency or eliminate the torque converter in an automatic transmission, which will provide
some additional fuel economy benefit.

High voltage (300+V) systems are capable of providing much more electrical power. The full
hybrid not only has al of the improvements associated with 42V systems but allows significant engine
downsizing, electric traction at low speeds, and much more braking energy recovery. However, the
system is not efficient at higher power demands, and the full hybrid may experience additional
shortfall under aggressive driving conditions with attendant high power demand.

As noted in Chapter 2, several informal websites on hybrid vehicle fuel economy suggest a
shortfall of 35 to 40%, which is much higher than conventional vehicles shortfdl. It is possible that
those who complain on the website of poor fuel economy drive more aggressively, and do not allow
the system to operate at high efficiency.

Tyre Technology

Most drivers do not pay much attention to the impact of tyres on fud economy. This is
unfortunate as tyres are a significant factor in a car’s fuel economy. Tyres are directly responsible for
about 15% to 25% of typical fuel consumption. They also contribute to aerodynamic and inertia
losses, resulting in atotal amount of fuel consumption due to tyres that may approach 30%. It should
be noted that this fraction varies significantly with speed and is highest at highway speeds. The wider
and larger tyres that equip higher performance cars and most four wheel drive vehicles are associated
with generally higher drag and inertia | osses.

The tyre design contributes to vehicle fuel economy in several ways:
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o Thetyre hasagiven finite areathat creates aen@namic drag force. é i)
U (s o)
o o J
e It has rolling resistance that results from a combination of tyre-road friction and hysteresi$?

Hysteresis is a major component of a tyre's rolling=fesistance. As the tyre deforms, hegb is
dissipated in the various components of the tyre due to t(gvi sco-elastic nature of rubbeg

e |t hasamassthat leadsto inertialoss.

The rolling resistance of tyres is usually measured by a laboratory test®f dgr@egré,‘ not with a
fuel consumption test on a car. Car tests for rolling resistance have also been defined but are not in
general use. Despite the detailed specification of the tyre rolling resistance test procedures, the reality
is that the variety of measurement methods being used with different measuring instruments under
different circumstances results in significant variability of results. Many tyre manufacturers do not
disclose test results on the rolling resistance co-efficient, citing this issue as one possibl e reason.

The relationship between rolling resistance and the resulting vehicle fuel economy has been
examined in the literature. For passenger cars, the observed relationship is that a5 to 7% reduction in
rolling resistance produces a 1% increase in fuel economy. A report by the Goodyear technical center’
in Luxembourg states that with the tyres available today, differences of 15% to 20% can be found
between the rolling resistance of functionally smilar tyres available in the market. This implies
potential fuel savings of 2 to 4% by appropriate tyre choice. Goodyear’ stechnical centre estimates that
a 10% tyre weight reduction results in approximately 0.1% combined fuel economy gain. Lessening
the tread depth and making the tyres narrower are all options that will increase fuel economy. The
problem is that these options have a performance trade-off that may be unacceptable, including loss of
wet grip and skid control reduction.

The 1990s saw the introduction and use of Silica (rubber with the addition of silicate) tyres. It is
claimed that using Silica in treads to replace Carbon Black enables rolling resistance to be reduced
without a corresponding reduction in wet grip or other tyre performance measures. The use of Silicain
tread compounds can how be considered standard in Europe, but does not appear to have achieved the
same level of market penetration in the U.S. Silica tyres were first introduced by Michelin, and their
data shows significant reductions in rolling resistance of up to 20% relative to conventional tyres
depending on Silica content.*®

In March 2001, Goodyear announced a new tyre technology, BioTRED, that they claim has
important environmental advantages as well as “remarkably lower rolling resistance” according to
company literature. Goodyear claims that this technology lowers rolling resistance by 8% while
increasing wet grip and also reducing the tyre weight by 5%. The tyre is being introduced in Europe
currently.

An area where there is considerabl e disagreement between the environmental community and the
tyre and auto industries is in the market for replacement tyres. The Natural Resources Defence
Council® has reported that “The average rolling resistance of replacement tyres is about 20% higher
than that of tyres that auto-manufacturers use on new vehicles” Marvin Bozarth, the executive
director of the International Tyre and Rubber Association, states that this is not the case. He said that
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there may be a dlight differential due to the fact that aut(Qlanufacturers are sig%cantly stricter about i')
tyres being exactly balanced, wheresas tyre retailers mage less strict. Si anufacturers do not )
specify rolling resistance, there is no confirmation the NRD m. However, there is
acknowledgement in the industry that low-cost, private bra&tyr%f e Teplacement market do have v
significantly higher rolling resistance relative to new car tyreﬁTd to “Brand-name” tyres. )

Tyre Inflation & (6

Every tyre comes with a recommended cold tyre inflation pressure, Qnd[it@tﬁe’?measured
inflation pressure is below the recommended value, it is considered as under-inflated. In the
Netherlands research for the Environment Ministry by TNO found 50% of all cars are driven on
under-inflated tyres. In August 2001, the U.S. Department of Transportation's National Highway
Traffic Safety Administration (NHTSA) released the results of a survey® that showed many tyres on
passenger vehicles are under-inflated. This survey, carried out at gas stations around the country,
collected data on 11 530 passenger vehicles (cars, SUV's, vans and pickup trucks).

Table5.1 lists the US survey's findings. More than one in four of the passenger cars with
P-metric tyres had at least one tyre under-inflated by 8 psi or more. For pickups, vans and SUVs with
the P-metric tyres, aimost one in three had at least one tyre under-inflated by 8 psi or more. The
percentage of vans, SUVs, and pickup trucks with al four tyres under-inflated by 8 psi or more was
twice that of cars with under-inflated tyres, as shown in the table below.

Table5.1. Results of tyre inflation survey: number of vehicles with 0 to 4 tyres under-inflated

No. of Tyres under-inflated by >8 PSI

0 1 2 3 4
Passenger Cars with P-metric tyres 73 14 7 3 3
Pickups, SUVsand Vans with P-metric Tyres 68 13 10 4 6

Figure 5.1, supplied by Goodyear, gives an indication of how under-inflated tyres trandate into
fuel economy impacts. This chart is for an example tyre with arecommended pressure of 38 psi, and it
shows the fuel economy decline with under-inflation. The fuel economy decrease is approximately
linear with under-inflation pressure, and inputs from tyre manufacturers suggest that the functiona
relationship is quite similar for tyres with slightly different recommended pressure. The magority of
P-metric tyres have recommended inflation pressures of 28-34 psi. Taking 32 ps as a typica
recommended inflation pressure, and assuming that the results displayed in Figure 5.1 are also typicdl,
impliesthat 8 psi under-inflation resultsin a 3.3% decrease in MPG.
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Figure 5.1. Fuel Economy versus In@tion Pressure (38 téﬁ PSI)

=
Q '

\) D
25.5 8.0%
7.30%
25 N L 7.0%
c 5.30% —
S _ L 5.0%
S 24 S 40V6 N
5 — AN - 4.0%
o 3.6006
2 23.5 ] : —
3 T M= 2.8006 F 3.0%
23 | -
\-\Qw L 2.0%
1.3006
22.5 . 1 1.0%
~=.0. 7006
22 ‘ 0.0%

20 22 24 26 28 30 32 34 36 38

== Miles per Gallon —s— % Change in MPG

Source: Goodyear.

% change in MPG

New requirements for tyre pressure monitoring systems to indicate safety related problems from
severely under-inflated tyres are being phased in over the next few years in most OECD countries
(although the U.S. is currently the only country with a specific requirement). Such systems have the
potential to be modified to indicate modest under-inflation for correction by the vehicle owner, but it
is not clear if this will be incorporated voluntarily by manufacturers. Such an action could increase

fuel economy for 30 to 40% of the fleet by 3 to 4%.

Tyre labdlling for rolling resistance can provide similar benefits if consumers choose lower
rolling resistance tyre brands with all other factors kept constant or near constant. None of the OECD
countries require this information to be public, possibly due to opposition from some tyre

manufacturers.
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Engine oils serve severa functions, including reduci fnctl on, coo@e engine, limiting wear -
on the moving parts of the engine, and protecting agai nst osion. marily its effect on friction )}

that impacts on fuel economy. Friction is an important cau energidl oss within the vehicle. Enginé)
oils reduce friction in two ways: e

Fuel-efficient Lubricants

e Theoil separates opposing metal surfacesto prevent Con%%drodynamic lubri%ﬁbﬂ().
* _LeC
e Friction-modifying additives alter metal surfaces so friction forces are not as great when
there is metal-to-metal contact (boundary lubrication).

Engine oils are categorized into grades such as 5W-20 or 10W-30. In the case of 5W-20 as an
example, 5W refers to fluidity when cold (W = winter grade). The lower the number, the more fluid
the oil at low temperatures, making cold starts easier. The 20 refers to fluidity when hot. The higher
the number, the more viscous the oil at high temperatures and the better it protects when hot.

A second method of classifying oils is minera versus synthetic. In conversations with lubricant
manufacturers, their staff claimed that synthetic oils offer more durability, but no specific claims were
made about fuel economy relative to amineral oil of the same grade. Hence, synthetic and mineral oil
of the same grade may not have significantly different effects on fuel economy, but the oil drain
interval may be different.

The two major properties of engine oil that directly influence fuel economy are the oil’ s viscosity
and the presence of friction modifying additives. The lowest possible viscosity results in the best fuel
economy, but this choice is constrained by oil consumption and engine durability concerns. In recent
years, the viscosity of engine oils has fallen significantly. In the 1970s and 1980s the most commonly
used grades were SAE 10W-40 and 15W-40. These oils were gradually replaced by SAE 10W-30 and
5W-30 in light-duty engines during the 1980s. Today, the most commonly used factory fill oil in car
and light-duty truck engines in all OECD countries is 5W-30, athough some fraction of consumers
continues to use 10W-30 or 10W-40 oil when the ail is changed. More recently, 5W-20 and OW-20
oils have appeared in the market. 5W-20 oils are now used in many popular cars such as most model
year 2000+ Honda cars and most Ford 2001+ vehicles as factory fill oil, while OW-20 currently is used
only in the new Honda Insight hybrid vehicle.

The issue of the manufacturer recommended oil is relevant because the new-car warranty only
holds as long as the recommended maintenance procedures are followed, and this includes using the
recommended oil. Conversations with lubricant manufacturers have confirmed that it is common
practice for the “recommended” oil to be used until the warranty is over. Manufacturers are not
explicit in disalowing the use of other oil grades, but are also not explicit about the issue of warranty
continuation. Several major auto-manufacturers contacted by EEA conceded that, by and large, 5W-20
oil should be adequate for most modern (post-1995) cars and light trucks, but most manufacturers do
not recommend it officially. However, manufacturers specifically cautioned against the use of 5W-20
oils in some high performance vehicles, vehicles subjected to heavy loads or trailer towing, and in
very hot ambient conditions.
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There is a large volume of literature on the effect\ﬂ)! ail properti@ engine friction and on J
vehicle fuel economy. Much of the literature, howev@)focusae?g ecific oil properties and ¢
additives, and the literature on the relationship between cogargerciall$s available oil formulations ané)
vehicle fuel economy is more limited and generaly avail only for ambient temperatures in the
range of 20+5°C. Most of the current literature compares the epefits of oils using 5W-30 e
reference base, since this oil is the factory fill oil for most light- utbvehicl&e since the 1990s.
Papers from the early-1980s have compared the performance of 5W-30 oi I%galgst@\ﬁe and 10W-

40 ail, and have found benefits in fuel economy in the 1.2 to 2.0% range. In amost al cases, the
testing was conducted under standard conditions such as the U.S. EPA test or the American Society of
Testing and Materials (ASTM) Sequence VI A test. In general, these tests underestimate the benefits

of low viscosity oils to the consumer, as they do not involve testing at cold ambient where reduced
viscosity benefits can be large. The benefits of 5W-30 oils over 10W-30/40 oils on more modern
vehicles are in the same range, as confirmed in a 1995 paper by researchers Korcek and Nakada®™
(from Ford and Toyota, respectively), which summarizes the benefits of alternative oil formulations.

Fuel Economy Gains from Oils

Korcek and Nakada also provide preliminary data on the benefits of 5W-20 and OW-20 oils over
5W-30 oails. Data in the paper suggest that a fuel economy benefit of 1 to 2% is possible, although the
range shown is large due to differences in friction modifiers between the different oil formulations. A
more direct comparison of two commercialy available oils with popular vehiclesis found in the paper
by Tseregounis and McMillan?. The paper indicates that 5W-20 engine oils demonstrate 1.0-2.2%
(average 1.5%) fuel economy gains over the 5W-30 oils on severa GM vehicles.

Most concerns with lower viscosity oils are associated with their effect on engine wear. Tanaka
et al.?® from Honda address these concerns. They study the impact of using a OW-20 oil enhanced with
arelatively common molybdenum based friction modifier. In their study, they compare the OW-20 oil
to a standard 5W-30 oil, with the same additive blends, both for fuel economy benefit and engine
durability. They conducted tests on a Honda engine and a Honda vehicle, and found an impact of 1.5%
on fuel economy with no significant difference on engine durability. At this moment, OW-20 ail is
only available from select retailers at a price of over $8 (Euro 7) per quart, as the Honda Insight is the
only car for which this il is explicitly recommended in the owner’ s manual.

Hoshino® et al., researchers from Toyota, found that the fuel economy of in-use engines can be
improved by 1.5% on average using SAE 5W-20 oails containing friction modifying additives, when
compared with the fuel economy achieved with conventional SAE 5W-30 oil without these additives.
They aso found that, in new engines, fuel economy can be improved with the same SAE 5W-20 oil by
3.5%. An improvement of more than 1.5% was retained to 10000 kilometres (relative to a
conventional SAE 5W-30 oil). These tests were done on a Toyota vehicle with a 2.2L, 4 cylinder,
DOHC engine.

Lack of hard data on aftermarket oil purchase by consumers makes it difficult to estimate the
benefits of mandatory use of SW-20 oil where required. Although it is likely that 5W-20 oil is used
during oil change for a significant fraction of cars where it isthe factory fill oil, sales of 5W-30 oil and
10W-30 (even 10W-40) ail is still quite large, according to industry sources. However, oil changes
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may be preformed in a variety of locations and affectian choice may not b . Branding of oils
as “fuel efficient” is already in place in most OECD countyies. In addition, savings are generaly

in the 1 to 1.5% range for the affected population, but“fuel savings d be larger under cold
conditions. Improved information especially under cold a&a\)ient coguons of 0°C or lower may be
particularly useful in nations such as Canada and Swi , wh

encountered. o

&

Headlights and Daytime Running Lights b¢ &O(
* _LeC

The use of vehicle headlights during the day for road safety reasons is spreading in numerous
countries, either as a voluntary or a mandatory measure. It is now widely acknowledged to be an
important measure to improve safety, attributed with decreases of 5% or more in crashes, injuries and
fatalities. Some countries, such as Canada, Ireland, Hungary and all the Scandinavian countries require
headlights to be used at all times. Some countries have set an obligation to use them in the winter
period (Poland, Isragl). The European Union and a number of its member states are considering
similar action. The Netherlands, Austria and Switzerland are recommending the use of headlights
during daytime on a voluntary basis. France is experimenting with this for a six month period finishing
in June 2005.

Two main technical solutions exist to provide light during the day: one is to simply use the
regular low beams (also called “dipped” headlights) which means that the device has to be switched on
manually; the other is for the to be equipped with automatically switched on lights. The later solution
is called “Daytime Running Lights” (DRLS). These lights are meant to produce a gentle luminescence
that assures visibility without excessive glare for on-coming traffic.

DRLs can consist of any of the following:

e Theuse of the low beams which would ssimply be automatically switched on with the engine,
sometimes with alowering of voltage to avoid glare,

e The use of the regular high beams (also called headlamps on full beam) automatically
switched on with the engine, and in al cases provided with lower voltage to prevent glare.

e  Specific headlights dedicated to the daytime use, aso switched on automatically.

Note that the two former approaches can be easily implemented on existing cars as they use the
existing lighting facilities. For al three the manual switch to regular night time head light use
overtakes the DRLS; the tail lights are switched off during DRL daytime operation.

For automobiles, the systematic daytime use of regular low beams at normal voltage is
responsible for an estimated average additional fuel use of 1-2% on a yearly basis. On the other hand,
DRLs, provided they are either specific devices or powered at lower voltage can reduce this energy
use by about half.
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t include electrical i')
ts and other lighting, 3

Both in America and in Europe, the fuel econoersts for new cars d
equipment that can be switched on or off (e.g. air-conditioning, standard heagi
stereo). So the use of regular low beams would not imp he tests r&eul thereis no incentivein
the test for manufacturers to provide more efficient Iight contr original equipment of cars v
with DRLs could provide such an incentive, asthey are autor®| caly tched onwiththeengine. ¢

In Canada, it is mandatory since 1989 both for drivers to sv(}ch on the lights during dayth'@(
not equipped with DRLS), and for car manufacturers to equip bhe new vehi cles \9{[
Additionally, these DRLs have to comply with the SAE J2087 standard, WHch |m al they use a
lower wattage than conventional headlights and hence consume about half as much electricity in use
than regular headlights. This Canadian policy provides a sound trade-off, allowing the implementation
of a safety measure while reducing the induced additional fuel use and CO, emission.

In the United States, the J2087 standard is implemented on a voluntary basis; car manufacturers
may equip their new vehicles with DRLSs but they do not have to. As of 2004, few new cars on the
market are so equipped.

Regulation 87 under the UN/ECE 1957 Geneva agreement on vehicle standards is a similar
regulation that has been adopted by a number of countries in Europe (including al EU countries), in
the Middle East and in Asia. This implies that the manufacturers are allowed to introduce DRL
equipped new cars in these countries, and in particular on the European Union’s internal market. But
no standard production models have as yet been introduced, at least not EU-wide. This means that
most of the cars in the Scandinavian countries or in Ireland, where daytime headlamps use is
mandatory, are running with regular low beams on, which is a very inefficient solution regarding
energy use.

With today’s lighting technologies, DRL efficiency could be much higher. For example, use of
white LEDs (luminescent electric diodes) could reduce energy use significantly beyond the current
average DRLs used in Canadian vehicles. Red LEDs are aready used for tail and stop lamps in a
number of existing models of cars, which provides good evidence that white LEDs could be used as
front lamps during daytime. Standards could therefore be tightened, for example Canada's 1989
specification.

Increased use of LEDs for DRLs could potentially yield valuable spin-off benefits of greater LED
use in other applications, including:

e  Other usesin transport (tail and stop lights, direction indicators).

e Regular headlights and fog lights.

e  Greater usein building lighting.

Insufficient data was available on the incremental fuel economy benefits and costs of the different

technologies to warrant including headlights in our overall estimates and comparative tables in this
report. But thisis an areathat deserves further attention.
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or directly control the

Fuel-saving Driver Support Devices

There are a number of technologies that provide f\egiback to the
vehicle and thus give fuel economy benefits™. Some hav % provide visual or audible &
aids to the driver to encourage less aggressive driving, and e@urage iving in @a manner to maximizé,
fuel economy. These include: @

o RPM gauges marked to show regions of engine speed fo%cbd»fuel economy ,‘\)

o Digplay of fuel economy in miles per galon or knvlitre as computg by the vehicle
electronic control unit (on-board computer), either as an average or as a red-time
instantaneous cal culation.

e  Shift indicator light (SIL), indicating the optimum point to shift gears, usually based on
engine RPM, or dashboard lights to indicate fuel inefficient driving modes.

e Engineload (vacuum) indicators (econometers).
e (Adaptive) cruise control.

Most of these devices are dready available in many vehicle models, and on-board
diagnostics/service indicators are required for all light-duty vehiclesin the U.S. and Canada. The fuel
economy computer with electronic display is available as an option in a significant number of carsin
Europe and the U.S. Hybrid vehicle models in the market today (from Toyota and Honda) have both
numeric and graphical displays of instantaneous fuel economy, and these hybrid cars appea to
customers who want to maximise fuel economy. The SIL option may be particularly useful for Europe
where the majority of vehicles are equipped with manual transmissions. Fuel economy benefits from
the SIL can bein the 5 to 20% range® and proper shifting may account for a significant portion of the
observed benefits of driver training in the Netherlands and Sweden. In addition to feedback devices,
direct control technologies include cruise control, automated manual transmissions and speed or
revolution limiters. Cruise control of the fixed speed variety is common in most North American
vehicles, but adaptive cruise control is only now entering the market in luxury cars.

The fuel-saving effects of such devices are known from a number of demonstration projects and
field tests carried out in the Netherlands since 1990. These included tests with econometers,
eco-revolution meters, on-board computers, cruise controls, fuel consumption meters and speed and
revolution limiters. Without any kind of ECO-DRIVING courses for the drivers (see chapter 2) these
devices saved up to 5% fud on average. Some of the drivers obtained no reduction in
fuel-consumption, while others achieved reductions in fuel-consumption of well over 10%. Three
conclusions could be drawn from the results:

e Equipping afleet of carswith fuel-saving in-car devices improves their fuel consumption 5%
on average.

e The fue-savings with in-car devices are substantialy higher in combination with
ECO-DRIVING courses, about 10% on average.
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e Inorder to be effective, the functionality of the@—car device has to nécertain criteriawith 9
respect to display and operability. U /b o)

Due to these positive test results, the government of\{hk Neth gmplemented anew car tax v
deduction to stimulate the fitting and use of fuel-saving in-cardevicesn newly sold passenger cars i®)
May 2001. The sales tax credits stimulate auto manufactur d importers to offer the devices as a
standard accessory either without added costs or with reduced s for the consumer. Currer{ tata
from the Netherlands organisation of car importers show that approxibately 75% of then s sold
in the Netherlands in late 2002 were equipped with fuel-saving in-car’dexhee &—a on-board
computer (with feedback on current fuel-consumption) or cruise control, or both. The percentage in
neighbouring countries that do not have similar sales tax credits is about 25-35.

Moreover, a field experiment in 2000 demonstrated that car drivers can obtain even more
impressive fuel savings when driving with a sophisticated tool that gives detailed advice on their
driving behaviour during the trip, based on engine management data, including advice on when to shift
gears. This fuel-economy support tool, which is a variation of the Shift Indicator Light (SIL),
calculates optimal driving behaviour for minimum fuel consumption in real traffic. It gives feedback
information to induce drivers to come close to this optimal driving style. The tool enabled drivers to
reduce fuel consumption by 11% on average compared to normal driving. In the urban section of the
route drivers reduced fuel consumption 20% compared to normal driving. Analysis of the data
collected showed that the drivers kept learning during the test how to improve driving behaviour in
order to minimise fuel consumption. This self-learning element of in-car feedback devices means that
even further fuel savings may be expected over alonger period. Assisted by the fuel-economy support
tool, participants drove significantly more often in the appropriate gear, mainly 5" gear. In addition,
participants turned off the engine more often when idling, anticipated traffic conditions better and
drove more smoothly.

While there is no question that these devices can save fuel?, it is not clear how much attention
vehicle owners will pay to the feedback devices without training (see above). Even without training,
however, many of these low cost devices will be useful in motivating at least a minority of drivers to
drive better. While drivers of manual transmission vehicles will benefit most from driver training,
training may also prove valuable for drivers of hybrid vehicles, since driving style appears to have a
significant impact on the actual on-road fuel economy of these vehicles. In North America and Japan,
driver training programs targeted at hybrid owners may be especially valuable. It may also be valuable
to add hybrids to training programs for al young drivers, in part to make them aware of the
differences and fuel-economy benefits of hybrid vehicles.

Separately, navigation systems and rea time congestion indicators have become possible with
telematics and position devices. Navigation systems can provide more direct routes and prevent
drivers from getting lost, although the effects of these systems are obvioudy very location and driver
dependent. Congestion avoidance can help smoother traffic flow, but only if alternative un-congested
routes are available. If all major roads are operating near capacity in an urban area, then congestion in
one route will simply spill over to other routes.
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A wide variety of new technologies have been adopt@kn cars g eq{e 1980s, and a majority of )]
them have little or no effect on shortfall. Some technologigs, notably those using electronic enginé,
management, can increase shortfall by tailoring technol operation to the test cycle. er
technologies, such as diesel engines and, possibly, gasoline di@t injection engines, could ce
shortfal under many operating conditions. |>¢ C &\)

[

Table 5.2 provides a listing of most technologies that have been utilize(!_ widely in production
vehiclesin OECD countries. The table shows the test fuel economy benefit obtained on the USFTP or
new European cycle and reflects the average benefit on the combined city and highway cycles. The
values shown are derived from severa studies on fuel economy conducted by EEA for the U.S.
Department of Energy (DOE). The directional effect of the technologies on shortfal (reduction or
increase) is provided for the four conditions identified in Chapter 3 as making the most significant
contributions to shortfall. In this context ‘urban operation’ denotes mostly (>80%) city driving, while
‘highway operation’ denotes driving mostly at speeds in excess of 40 mph (65 kph). As can be seen,
most production technologies do not influence shortfall in any significant way, while a handful of
technologies can have a sizeable influence. It should also be noted that studies cited in the literature
review (Section 2) have identified manufacturer specific calibration strategies as having a significant
influence on shortfall, but this is not specific to any technology apart from electronic engine
management.

A number of technologies aimed at improving fuel economy in off-test cycle conditions have not
penetrated the market. These technologies include:

e  Electricaly driven oil and water pumps.

Efficient alternators.

e Efficient air conditioners.

e  Fast warm-up technologies.

e Useof fue-efficient oils.

e Aidsto improve driving habits.

e Idle-off and 42V dectrical systems.
e  Adaptive cruise control.

e Efficient air conditioners and heat pumps.
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The reason that such technologies are not included ost vehiclesis par@y due to the limited i')

benefit recorded on the official fuel economy test cycles. Table 5.3 p es a listing of these )
technologies and their effects on shortfall using a format Iar to Table v

Tyres and oil are replaced periodically over a vehlcl ife andvthe replacement market is not)
well optimized for fuel economy. No tyre rolling resistances#iformation is available in most OECD
countries, although manufacturers acknowledge differences of updg20% in rolling resistance b
functionally similar tyres of different brands. Increased monitoring cbtyre pressure couldq{ some
fuel savings; it should be possible to adapt tyre safety related pressure moﬂto ng 0 provide
information on moderate under-inflation as well. Data on the type of oil actually used in the
replacement market is limited, but small benefits in fuel economy may be realized if the market for
fuel efficient replacement oil is optimized.

Aggressive driving is a magjor factor contributing to shortfall. The trend to more powerful cars
will, however, reduce the impact of aggressive driving on shortfall, but will not eliminate it, especially
in high speed driving conditions. A number of technological aids to assist the driver to drive in amore
fuel efficient manner are available, but consumer motivation to follow the aids is not clear. The
literature review shows that real world gains of 5 to 10% in fuel economy are possible, but widespread
consumer acceptance of behavioura change has not been established.

Maintenance actions, outside of tyre pressure monitoring and replacement tyre and oil choice
related issues, do not now have much impact on shortfall. This is largely because electronic engine
controls have made tampering and maladjustment difficult to impossible, while emission inspections
in most OECD countries provide strong incentive for at least yearly/biennial vehicle maintenance.
After-sales replacement of electronic engine management systems to enhance performance may,
however, be a source for concern.
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6. IMPROVING THE FUEL ECONOM OF DIESEI@@IICLES

O

Diesel powered light-duty vehicles have been available for y decades, but their shareeﬁhe
market has increased rapidly only since about 1980. Light-duty *di vehicles have b very
popular in Europe and their market share has increased from alittle over 1086 i) 198Q tg 43% in 2003.
In some countries in Europe such as France and Austria, diesel powered light-duty vehicles account
for over haf of al light—duty vehicles. In North America, however, diesel powered light-duty vehicles
account for less then 0.5% of the total market. These vehicles enjoyed a brief burst of popularity in the
1979-1984 period, but in 2003 only one manufacturer (VW) offered diesel light-duty vehiclesin North
America. The situation is similar in Japan for cars, but most light-duty trucks in Japan and Asia are
diesel powered. Of course, diesel engines dominate the heavy-duty truck market (over four tons gross
vehicle weight) in all developed country markets.

Due to the diesdls unpopularity in North America, little systematic work has been done to
examine diesel vehicle shortfall, and to examine the effect of technology improvements on diesel
engine fuel economy in ‘off-cycle” conditions. The analysis presented in this section is largely based
on engineering analysis and the opinion of diesel engine expertsin the automotive industry. Hence, the
results presented here should be treated as preliminary estimates to be confirmed by actual testing.

The Benefits of Diesel

The major advantage of the diesel engine over the gasoline engineisitsrelative fuel economy. Its
disadvantages are higher NOx emissions (5 to 10 times those of modern gasoline engines) and higher
particul ate emissions (although effective particle traps are now available on some cars). Diesel engines
are more fuel efficient than gasoline (or spark ignited) engines for two reasons. First, the diesel cycle
requires that fuel ignite spontaneously upon contact with hot compressed air. Hence, diesel engines
employ high compression ratios of 16:1 to 20:1, which leads to high engine efficiency. Gasoline
engines cannot employ such high compression ratios because the combustion process requires externa
ignition of a pre-compressed fuel-air mixture; the octane number of the fuel limits the compression
ratio to about 10:1 for an engine using regular gasoline. Second, the power output of the diesel engine
is controlled by regulating the amount of fuel per combustion event while the air inducted is
unthrottled. In contrast, gasoline engines require the intake air to be throttled to control load, while
keeping the air-fuel ratio constant. The throttling of intake air leads to pumping losses that increase at
light loads (typical in city driving) in a gasoline engine. Such losses are absent in the diesel, and its
fuel economy benefit under light load conditions over a gasoline engine is quite large.

On the negative side, diesel engines have much higher internal mechanical friction because of the
need to seal the cylinder against high pressures. The high compression ratio and combustion process
also lead to higher engine weight relative to asimilar displacement gasoline engine, as well as reduced
specific output and increased noise and vibration. These last three factors of reduced power, increased
noise and higher vibration were often blamed for the lack of widespread acceptance of the diesd in
North America, where the value of the diesels' enhanced fuel economy has been low.
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The latest designs of light-duty diesel engin arketed in Euro@provide significant e

improvements in virtually all of the characteristics of \interest. Most of evelopment in diesel )
engines is centred in Europe; in Japan there are virtually YO diesel engin ger cars. Inthe U.S,,
Navistar, DDC and Cummins have displayed advanced prqﬁype V-gdi enginesin 2003 for usein v
light-trucks. O )

Until 1991, most diesel powered passenger cars and light trl@s were al of the indirect injq,@()n
(IDI) type, where fuel is sprayed into a prechamber, partially mixe«band combusted witly aipbefore
mixing and further combustion takes place in the main combustion chamis@r. 'Iﬂe er design
results in smoother combustion with less noise and lower NO, emissions. However, heat transfer from
the prechamber and pressure losses from the partially combusted gases as they flow through the small
passages connecting the prechamber to the main combustion chamber result in reduced efficiency. In
fact, the peak efficiency of an IDI diesel is comparable to or only dightly better than that of a modern
spark ignition engine.

Direct injection (DI) systems avoid the heat and flow losses from the prechamber by injecting the
fuel directly into the combustion chamber. The fuel injection system must be quite sophigticated, as it
must be capable of injecting very little fuel during the ignition delay period, while providing highly
atomized fuel and intensive mixing during the diffusion burning phase of combustion. Advancements
in fuel injection technology and diesel combustion chamber design led to the introduction of passenger
car DI diesels by Volkswagen in their Audi and VW model lines in the early 1990s, and by most other
European manufacturers thereafter.

Turbo charging has also been found to be particularly effective in combination with diesdl
engines as the intake air is unthrottled. All new DI diesel engines are turbocharged and many feature
intercoolers, which provide a cooler, denser charge to the engine. As a result, the specific power of
diesel engines with turbo charging now exceeds the specific power output of naturaly aspirated,
2valve per cylinder gasoline engines. Turbo charging and intercooling are quite costly

New Engine Performance

Several manufacturers have introduced a range of new diesel engines featuring common-rail or
unit injector technology. Specifications for a small selection of gasoline and equivalent diesel engine
powered vehicles are shown in Tables6.1. and 6.2., for six-cylinder and four-cylinder diesels
respectively. The luxury class markets do not appear to have a standard price premium for the diesdl,
for example the Mercedes S-class six-cylinder diesel is cheaper than the S-class V-6 gasoline model
(although these are some option trim differences). The BMW and Audi comparisons indicate a diesel
six-cylinder price premium of about Euro 1600. Price premiums for four-cylinder diesels are about
Euro 1200, typically.

The fudl economy benefit of the DI diesel over an ‘equal performance’ gasoline engineis closely
dependent on the engine model and axle ratios employed for the gasoline versus the diesel car. The
older IDI diesels typically showed much smaller benefits on high speed cycles, whereas the newer DI
diesels show only a modest reduction in benefits on the higher speed EUDC cycle relative to the very
low speed ECE R15 cycle.
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The reduced sensitivity of fuel economy benefit to Qed suggests that the iesel benefit on the
U.S. test may be quite similar to the average benefit recopdéd on the ECE + C cycles. For the six-
cylinder engines, fuel consumption benefits are reasonably consistent ac odels at 28+5% on the

U

ECE cycle and 24+3% on the EUDC cycle. The four-cyl com nsin Table 6.2. show Iarger‘ow

variations across models. O

In summary, the advanced DI diesel appears to provide 2569 @‘i/;fuel consumption red(c@on
(equivalent to 33 to 39% fuel economy increase) on the test cycle compared to fval ent
modern four-valve gasoline engine providing approximately equal perfornf@ncé. Ti@e it is higher
at lower speeds and lower at high speeds (over 100 km/hr).

Diesel Vehicle Shortfall

Although recent tests in the EU have found large shortfall with large diesel engines, early studies
of shortfall in the U.S. showed diesel vehicles had significantly less shortfall than gasoline vehicles of
similar size and technology. As shown in Figure 2.1. of this report, diesels were found to have
shortfal in the 5 to 8% range on the U.S. tests, athough the sample size was about 100 vehicles each
a 24 and 42 miles per galon (corresponding to the GM V-8 and VW four-cylinder diesels). The
reasons for the low diesel shortfall were attributed to:

e Reduced need for cold start enrichment at cold ambient temperatures, relative to gasoline
engines.

e Lack of acceleration enrichment.
e Low idlefuel consumption relative to gasoline engines.

These factors would not have changed significantly in the last 20 years, although the gasoline
engines need for cold start and acceleration enrichment has declined due to the replacement of the
carburettor by port fuel injection over this period. At the same time, diesel engine idle fuel
consumption has declined further due to the conversion from indirect to direct injection.

Due to the inherently lower shortfall observed for diesel vehicles fuel economy in the early
literature, there has not been much focus on examining the causes and the impact of on-road
conditions on diesel vehicle shortfall. More research is warranted given the current rapid dieselisation
of European passenger car fleets, and the indications of the small number of more recent tests in
Europe.

Low Ambient Temperatures

As noted, short trips in combination with low ambient temperatures is one of the main causes of
gasoline vehicle shortfall. Diesdl engines require much less enrichment during cold start, and the
typical level of excess fuel consumption at a 0°C cold start is only about 35 to 40% of the excess fuel
used in a gasoline engine. As a result of this reduced enrichment, many of the “fast warm-up”
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technologies and electrically driven water pumps have OQ/ aminor effect on éual in-use diesd fuel i')

economy. U ,b 5
Aggressive Driving \)} Q\Q )]

The effects of aggressive driving with a diesel pow@j vehicle depend on two factorsléi)
accel eration-decel eration events and (2) absolute speed. In genera(}he lack of acceleration enri t
reduces the effects of “stop-go” driving on fuel economy, but lost in the brgkag)due to
deceleration events will, of course, be identical to that in gasoline vehicl@s. Iilg\/\ereCif gressive
driving also involves “revving” the engine to a high RPM before gearshift, the impact on fue
economy is greater in diesel vehicles due to the higher internal engine friction in a diesel engine. Thus
driver training, shift indicator lights and the other driving aids discussed above should have smilar
percentage benefitsin fuel economy for diesel and gasoline vehicles.

The effect of vehicle speed on fuel economy is larger for diesel vehicles in comparison to its
effect on gasoline vehicles. Even the test values indicate that the diesel engine's fuel economy benefit
over a gasoline engine on the same vehicle is smaller on the high-speed test than on the low-speed city
cycle. At 150 km/hr, the DI diesdl’s fuel consumption advantage is typicaly only 15 to 18%, as
opposed to 25 to 28% on the city cycle. (This corresponds to a fuel economy advantage of 18 to 22%
at high speeds compared to 33 to 39% at low speeds.) Hence, technologies to control maximum speed,
such as mechanical or adaptive cruise control, are more beneficial on diesdl, relative to gasoline
vehicles.

Traffic Conditions

As with gasoline vehicles, operation in denser traffic under stop-and-go conditions will reduce
diesel vehicle fuel economy, while operation in light traffic at moderate highway speeds will increase
fuel economy. Nevertheless, diesel fuel economy is less sensitive to the mix of traffic conditions than
gasoline vehicle fuel economy. Thisis because in stop-and-go conditions, idle fuel consumption has a
large effect on fud economy. Diesel vehicles consume very little fuel at idle, and idle fue
consumption reduction relative to a gasoline vehicles is on the order of 40 to 45%. Hence, fuel
economy shortfall due to operation in dense traffic is reduced.

In this context, the effect of “idle-off” technology is much smaller for the diesdl. In typical city
driving, a gasoline vehicle can obtain a fuel economy benefit of 8 to 10% from “idle-off”, but the
benefit is reduced to about 5% for a diesdl. It should be noted that the first commercia “idle-off”
technology introduction was on a VW diesel, but this was because VW was attempting to reach a very
high fuel economy target. Due to the limited fuel economy benefit, the VW product was discontinued.

Increased operation in light traffic or highway conditions reduces shortfall for both gasoline and
diesael vehicles, but in this case, the shortfall reduction is limited because diesel vehicles lose fuel
economy advantages over gasoline vehicles at higher speeds. Of course, as speeds increase over 120
km/hr, diesel vehicle shortfall increases as discussed above.
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Broadly speaking, technologies that reduce engine Io will e similar effects on diesel oty
gasoline vehicle fuel economy in percentage terms. These te¢hnologies include vehicle weight &d
drag reduction, tyre rolling resistance reduction and accry{gad reduction (efficient aIt
electric power steering, and improved water and oil pumps). Howevggsthe effect of mprgg\@engl ne
oils can be larger for diesel engines since they have higher internal engn fri gasoline
engines. At the same time, improved oils have their most significant benefits durl ng coId start, where
the diesel fuel consumption penalty is not as large as that for a gasoline engine. Hence, the net fuel
economy benefit of improved oils may be similar to that for gasoline engines.
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The literature review and engineering analysis presented in the two pr o@ sections of this
report document a number of technologies “available’ to reduce shortfall. The term “available” is used
to indicate that no technical barrier exists for commercialization but the technology has seen only
limited or no introduction yet in the market. Part of the reason for limited penetration is that auto-
manufacturers are able to claim little or no fuel economy benefit on the official certification test.
Anocther reason is that ambient, geographic and traffic conditions vary greatly between OECD
countries and even within countries from region to region. Since the benefits of available technologies
for reducing shortfal are often significant only under specific ambient/traffic conditions,
manufacturers are often unwilling to standardize these technologies. It is not possible to find a “one
sizefitsal” solution to the issue of technology under-utilization. Technologies most useful to Sweden
or Canada could have limited value to consumers in southern France or southern U.S. Even the
ranking of technologies by cost-effectiveness to produce a “supply curve’ of available technology is

not possible unlessit is customised to specific sets of conditions.

One possible approach is to develop technology supply curves for classes of customers that share
many common driving conditions whilst limiting the number of classesto afew, large enough to alow
manufacturers to capture economies of scale. The previous analysis suggests four important
distinctions (in a 2x2 matrix): cold or hot ambient conditions, and dense or light traffic conditions
(corresponding typically to large city or small city/rura conditions). Although some technologies have
benefits that fall across al four customer classes, most technologies discussed perform well only for
one or two classes.

The class distinctions are somewhat subjective, but are defined asfollows:

e Locations with cold ambient temperatures - where daily low ambient temperatures are below
10°C for over six months.

e Locations with hot ambient temperatures - where daily high temperatures exceed 25°C for
over six months.

e Densetraffic conditions - with city-wide average speeds below 25 km/hr (16 mph).

e Lignt traffic conditions - with city-wide or rural average speeds in excess of 40 km/hr
(25 mph), corresponding to freely flowing traffic.

There will be locations with temperate summer and winter conditions that would not belong to
either of these ambient temperature categories, and locations with city-wide average speeds that fall
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between 25 and 40 km/hr and do not belong to either t@ic category. Technqfogy cost-effectiveness 9
results for such locations will likely fall somewhere betvv@w the class specifi ply curves. )

Technology by Location Class \)} Q\Q 1
. o - Ot 9
Some “technologies’ such as driver training and instrsentation to reduce aggressive driving
have benefits that are generally independent of location clasxyut other technology benefi e
strongly dependent on both location class and frequency of u nder these circugsiahces, a
definitive “supply curve” in quantitative terms is difficult to define. Irﬂshc]gldéeﬁo‘gd that the
specifications of the baseline vehicle itself also influence the benefits derived from specific
technologies.

Rather than a supply curve that might be easily misinterpreted, technology cost/benefit
evaluations are presented below for each of the broad classes of ambient and traffic conditions
identified. Each technology has an associated “payback” to the consumer in terms of fuel savings
versus incremental cost. Naturaly, the payback period depends on the annual driving distance, the
baseline vehicle fuel consumption, fuel cost and in-use technology effectiveness. These factors are
considered in the following analysis under two scenarios designed to be representative of high fuel
cost locations, such asthe EU, and low fuel cost locations such as the United States.

Table 7.1 provides alist of 13 technology options to reduce shortfall for gasoline vehicles. The
technology cost, or more accurately the retail price equivalent, presented is an estimate of how much
the retail price of an average vehicle would increase under competitive conditions if the technology
were added to the vehicles. In this context, the retail prices in dollars or in Euros are nearly
numerically identical due to higher taxes in Europe being offset by the higher current value of the
Euro.

“Driver training” includes technologies to assist drivers to drive in a fud efficient manner, such
as tachometers marked to show efficient RPM ranges. The “cost” of driver training is the approximate
cost of two to three one-hour training sessions in fuel efficient driving, although the cost of using a
driving simulator, as used in the Netherlands, is much lower. For other technol ogies, the cost has been
determined based on inputs from auto-manufacturers and Tier | suppliersto the auto industry.

The fuel economy benefits are expressed in percent increase in fuel economy (percent decrease in
fuel consumption). This data is derived from limited test data on fuel economy effects cited in
Chapter 3. For technologies specific to cold or hot ambient temperature (such as fast engine warm-up
devices or efficient air conditioners), it is assumed that such ambient temperature are encountered 50%
of the time in the specific locations; e.g., the air conditioner is operated 50% of annual miles travelled
in locations with hot ambient temperatures.

Asshown in Table 7.1, dl of the benefits are typically small (in the range of 1 to 5%) with only
three exceptions: for idle stop/start in dense traffic, driver training effects in light traffic, and adaptive
cruise control in light traffic. The driver training effect assumes the maintenance of more constant
speeds but does not assume a speed reduction. It should be noted that technology benefits are not
additive; for example, adaptive cruise control performs a function similar to driver training, but has
more limited use at city speeds since such systems cannot yet bring the vehicle to afull stop.
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Table 7.1. Costs and Average Fuel Economy Qneﬁt Estimates for, hnologies
to Reduce Gasoline Vehic@hortfall (%) /b
Q,
Retail price COM‘I‘nbienQ\ Hot ambient
Technology (Euros or $) Dense \J Light Dense Light
traffic @f.ﬁc traffic trqfﬁ@
Electric Water Pump 100 — 150 4 e 12~ C. ™M
Efficient Alternators 40-60 2 1 1 0.5
Efficient Air Conditioners 80—120 0 0 3 1
Heat Pumps for Air 200 — 300 0 0 5 2
Conditioning
Heat Battery 80— 100 3 1 0 0
Dual Cooling Circuits 30-50 2 2 1 1
Idle Stop/Start 300 — 400 4 0 8* 0
(assumes 42V system)
Low Ralling Resistance 50-80 1 2 1 2
Tyres
OW-5W/20 Qils 40-60 2 1 0.5 0.5
Tyres Inflation Monitor 30-40 1 1 1 1
Shift Indicator Light 25-35 2 1 2 1
(manual trans.)
Driver Training 150 — 250 5 10 5 10
Adaptive Cruise Control 1 000-1500 3 10 3 10

* With separate air conditioner drive.

Table 7.2 shows the technologies available to reduce diesdl vehicles shortfall. As can be
expected, the fuel economy benefits are smaller for technologies that deal with cold start and idle fuel
consumption. The relatively small benefits for most technologies illustrate one difficulty in market
acceptance — the fuel savings are barely noticeable to consumers who typically are not sensitive to
small fuel economy variations of +5%. Motivation for consumer action is limited due to the small
absolute value of the fuel savings.

Technology Payback Period and Cost per Tonne for CO, Emission Reductions

One measure of technology cost/effectiveness is the time required (or miles driven) to pay for the
technology cost from the fuel savings. Thisis a useful measure to understand consumers' willingness
to purchase the technology (or for manufacturers to determine if it is worth it to consumers to put the
technology on vehicles). Another measure is the cost effectiveness of the technology for reducing CO,
emissions, taking into account both the cost of the technology and the fuel savingsit provides; with the
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net cost (or savings) compared to the CO, emissions rQIions provided. Th@two approaches are 9
used below to estimate technology cost effectiveness for @sumers and for 351 y. )

W Q\Q’ o)@

Table 7.2. Costs and Average Fuel Economy Benefit Estimates for Technologies

to Reduce Diesel Vehicle Shortfau%) \)(6
Retail price Cold ambient ° | &l‘)(iént
Technology (E or$) Dense Light Dense Light
traffic traffic traffic traffic

Electric Water Pump 100 - 150 2 1 1 0.5
Efficient Alternators 40-60 2 1 1 0.5
Efficient Air Conditioners 80-120 0 0 3 15
Heat Pumps for A/C 200 - 300 0 0 5 2.5
Heat Battery 80-100 15 0.5 0 0
Dual Cooling Circuits 30-50 1 1 0.5 0.5
Idle Stop/Start 300 - 400 2 0 4 (with 0
(assumes 42V system) A/C drive)
Low Ralling Resistance 50-80 1 2 1 2
Tyres
Low Friction/Viscosity Oil 40 - 60 1 0.5 0.5 0.5
Tyres Inflation Monitor 3040 1 1 1 1
Shift Indicator Light 25-35 2.5 15 2.5 15
Driver Training 150 — 250 5 15 5 15
Adaptive Cruise Control 1000-1500 3 15 3 15

Payback period is a function of local fuel prices, annual driving distances and baseline vehicle
fuel economy (in this case actual average on-road fuel consumption per kilometre). Three cases are
considered as examples of the range of fuel economy and fuel cost encountered among OECD
countries. These are:

e Gasoline cost of $1.50 per gallon (about Euro 0.30 per litre), with a baseline (gasoline)
vehicle achieving 27 mpg (8.7 1/100 km) driven 12000 miles (19200 km) annually
(corresponding to average U.S. conditions and vehicles).

e Gasoline cost of Euro0.90 per litre, with a baseline gasoline vehicle a 7.5 1/100 km

(31.4 mpg) driven 15 000 km annually (corresponding to average European conditions and
gasoline vehicles).
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o Diesd fuel cost of Euro 0.75 per litre with a ine diesel vehicl .6 1/100 km driven e
18 000 km annually (corresponding to average @opean conditio diesal vehicles). o)

The above fuel economy values are “official” rati ngﬁ)nd ar grd shortfall of 20% in fuel v
consumption is assumed to compute annua fuel use. Und ese conditions, the annua fuel cost i6)
$800 in the first scenario (about €640), Euros 1215 in second, and Euros 907 in the thiyd.
Consumer surveys show that consumers expect simple paybac(,within three years to inves( rf a

technol ogy.
echnology . I_eC('

For calculation of net CO, reduction costs, the same scenarios are considered but a different fuel
cost assumption employed. In order to derive an estimate of total social cost for gasoline use, fue
taxes are excluded but fuel use over most of the vehicle life is considered, and discounted at a social
discount rate of 3%. The fuel cost estimate used is $0.40 per litre, reflecting oil cost at $36/bbl, plus
refining, transport and retailing costs. In a social cost analysis, externa costs such as oil import
dependency costs and environmental costs (in this case other than related to CO,) should generally be
included as well. However, these are not included here for two reasons:. in order to keep the estimates
conservative and avoid a discussion of the appropriate estimates to adopt; but if external costs were
added, they would of course make the estimated value of fuel savings higher, and the cost estimates
for reducing CO, emissions lower."

This fuel cost assumption is applied to each of the three scenarios mentioned above, while the
travel and fuel economy assumptions are kept the same. For valuing fuel savings from technologies, a
10 year fuel savings horizon is used, with a 3% socia discount rate (such assumptions are unnecessary
for calculating payback rates). Replacement costs for all technologies (including tyres and oils) over a
12-14 year average vehicle life is aready factored into the technology cost estimates, so using a
10 year horizon on fuel savings is somewhat conservative.

Payback periods for the U.S. case are shown in Table 7.3 for the different technologies. Only dua
cooling circuits for reducing cold start fuel consumption and the shift indicator light for urban drivers
achieve a pay-back in less than three years. Driver training for improved high speed driving also meets
this criterion, although the savings can be quite variable between different consumers.

Tyre inflation monitors in generaly light traffic conditions appear marginally attractive to
consumers. Several other technologies are marginally attractive in cold ambient conditions, with four
year payback periods; efficient air conditioners also have four year payback in hot climates and dense
traffic conditions; Though the data used here for the US (from the literature review) suggest that driver
training is only likely to be cost-effective for light-traffic conditions, data from the Netherlands
suggests that such programmes can be designed to be cost effective under al conditions.

In contrast to the relatively slow pay-back times and thus poor cost-effectiveness of most
technologies from the point of view of consumers, from the point of view of society (and given the
fuel cost assumptions described above), nearly all the technol ogies are quite cost-effective for gasoline
vehiclesinthe USin at least some driving conditions. Many technologiesin Table 7.4 show a negative
cost. These can be considered “win-win” or “no-regrets’ options for society. Dual cooling circuits,
tyre inflation monitors, shift indicator lights, low-rolling-resistance tyres and driver training all show a
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negative cost in al four situations considered. For thogechnologies showi @positive costs, those
under $100 per tonne CO, might be considered modest-¢ogt CO, reduction ns, at least compared
to many other policy options in the transport sector (WHich are comn@ above $100/tonne, e.g.

biofuels; see IEA 2004%).
5 Q& o
(6
Table7.3. Technology Payback Period (years) Gasoline bhicle, US Fuel Pri%\)
and Driving Assumptions ° | e C

Ambient Cold Hot
Traffic Dense Light Dense Light
Electric Water Pump 391 7.81 7.81 15.63
Efficient Alternators 3.13 6.25 6.25 12.50
Efficient Air Conditioners NA NA 417 12.50
Heat Pumpsfor A/C NA NA 6.25 15.63
Heat Battery 4.17 8.33 25.00 NA
Dual Cooling Circuits 2.50 2.50 5.00 5.00
Idle Stop/Start 21.88 NA 10.94 NA
(assumes 42V system)
Low Rolling Resistance Tyres 8.13 4.06 8.13 4.06
O0W-5W/20 Qils 3.13 6.25 12.50 12.50
Tyres Inflation Monitors 4.38 4.38 4.38 4.38
Shift Indicator Light 1.88 3.75 1.88 3.75
(manual trans.)
Driver Training 5.00 2.50 5.00 2.50
(Adaptive) Cruise Control NA 52.08 NA 52.08

NA — no technology benefit under these conditions. Shaded cells: payback in under four years.

In the European context, with a regime of higher retail fuel prices, many technologies are cost-
effective from the consumer’s viewpoint, especially at cold temperatures. Under such ambient
conditions, most technologies, except for idle stop and adaptive cruise control, are within the
consumer payback period criterion of three years, as shown in Table7.5. Under hot ambient
conditions, the situation is less favourable. This is to be expected since the test procedure represents
hot ambient conditions well, and cost effective technologies are likely to be already introduced as a
result of market pressure.

Perhaps surprisingly, the estimates for cost-per-tonne of CO, abated under European conditions
are not as low as for the U.S. This is because a) the same untaxed fuel price is assumed, and
b) vehicles in Europe are driven less per year, and have better fuel economy, so use significantly less
fuel. Thus the technology options considered have the potential to save less fuel in European vehicles
than in US vehicles. Nonetheless, most technologies show CO, reduction costs below $100/tonne in
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both regions under at least some conditions. Only advam€ed cruise control fﬁto achieve costs Of e
some situations (i.e. )

under $100/tonne under any conditions. Most technologi oW negative c
the value of their fuel savingsis higher than their cost), several conti r@ show a negative cost in

U

al conditions. \)} Q\ (ow

O

L R
Table 7.4. CO, Cost per Tonne, Gasoline Vehicle, U Ibmng Assumptlons‘\)
e | oC

Ambient Temperatures Cold Hot
Traffic Conditions Dense Light Dense Light
Electric Water Pump -$168 -$59 -$59 $158
Efficient Alternators -$189 -$103 -$103 $71
Efficient Air Conditioners NA NA -$160 $71
Heat Pumps for A/C NA NA -$103 $158
Heat Battery -$172 $36 NA NA
Dual Cooling Circuits -$207 -$207 -$137 -$137
Idle Stop/Start
(assumes 42V system) $28 NA -$124 NA
Low Rolling Resistance Tyres -$51 -$163 -$51 -$163
OW-5W/20 Qils -$189 -$103 $71 $71
Tyres Inflation Monitors -$155 -$155 -$155 -$155
Shift Indicator Light
(manual trans.) -$224 -$172 -$224 -$172
Driver Training -$137 -$207 -$137 -$207
(Adaptive) Cruise Control $1170 $158 $1170 $158

The diesdl case is less conducive to technology introduction partly because of lower fuel cost
savings and partly because the diesdl uses less fuel during cold start. Nevertheless, as shown in
Table 7.5., some technol ogies continue to be cost effective for the consumer under high speed driving
conditions even in this case.

It should be noted that driver training programmes are cost effective for consumers under light
traffic conditions for gasoline and diesel vehicles on the basis of data from the U.S. literature survey
but that experience in Europe, and in the Netherlands particularly, shows that cost effective training
programmes can be designed under al traffic conditions. In contrast, idle-stop, and adaptive cruise
control are not cost-effective under any scenario. Given relatively long pay-back periods, most of
these technol ogies probably will be marketed for reasons other than fuel savings.

Using the same socid cost value for diesel fuel ($0.40 per litre) as gasoline, diesel technology

impacts are typically as good or better than those for gasoline vehicles. Even advanced cruise control
becomes cost effective (showing negative cost figures) in light-traffic conditions.
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Table 7.5. Technology Payback Period (years) (&Qoline Vehicle, Eur@an Fuel Price i)
and Driving Assu@ions /b )
Ambient Cold \\) 0\6_ Hot )]
Traffic Dense Lig@ » Dense Light ©
Electric Water Pump 2.57 514 {,, 514 10.29(@
Efficient Alternators 2.06 412 4.12 8.23
Efficient Air Conditioners NA NA 224 e © 823
Heat Pumps for A/C NA NA 4.12 10.29
Heat Battery 2.74 5.49 16.46 NA
Dual Cooling Circuits 1.65 1.65 3.29 3.29
Idle Stop/Start 7.20 NA 3.60 NA
(assumes 42V system)
Low Rolling Resistance Tyres 5.35 2.67 5.35 2.67
0W-5W/20 Qils 2.06 4.12 8.23 8.23
Tyres Inflation Monitors 2.88 2.88 2.88 2.88
Shift Indicator Light 1.23 247 1.23 247
(manual trans.)
Driver Training 3.29 1.65 3.29 1.65
(Adaptive) Cruise Control NA 34.29 NA 34.29

NA — no technology benefit under these conditions.

Table 7.6. CO, Cost per Tonne, Gasoline Vehicle, European Driving Assumptions

Ambient Temperatures Cold Hot

Traffic Conditions Dense Light Dense Light
Electric Water Pump -$115 $46 $46 $369
Efficient Alternators -$147 -$18 -$18 $240
Efficient Air Conditioners NA NA -$104 $240
Heat Pumps for A/C NA NA -$18 $369
Heat Battery -$121 $188 NA NA
Dual Cooling Circuits -$173 -$173 -$70 -$70
Idle Stop/Start

(assumes 42V system) $176 NA -$50 NA
Low Rolling Resistance Tyres $59 -$108 $59 -$108
OW-5W/20 Qils -$147 -$18 $240 $240
Tyres Inflation Monitor -$95 -$95 -$95 -$95
Shift Indicator Light

(manual trans.) -$199 -$121 -$199 -$121
Driver Training -$70 -$173 -$70 -$173
(Adaptive) Cruise Control $1 875 $369 $1 875 $369
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Table 7.7. Technology Payback Pe (years) Diesel Ve .
European Fuel Price and Dr'in)mg Assumptionsrb
e,
Ambient coa VW Qs Hot
Traffic Dense Ligl&) Dense Light
G &
Electric Water Pump 6.89 13.78 L 13.78 2}%‘
Efficient Alternators 2.76 551 551 11.03
Efficient Air Conditioners NA NA 38— < — 735
Heat Pumps for A/C NA NA 551 11.03
Heat Battery 14.70 29.40 NA NA
Dual Cooling Circuits 4.42 4.42 8.82 8.82
Idle Stop/Start 19.29 NA 9.65 NA
(assumes 42V system)
Low Rolling Resistance Tyres 7.17 3.58 7.17 3.58
O0W-5W/20 Qils 5.51 11.03 11.03 11.03
Tyres Inflation Monitors 3.86 3.86 3.86 3.86
Shift Indicator Light 1.32 2.20 1.32 2.20
(manual trans.)
Driver Training 4.41 1.47 4.41 1.47
(Adaptive) Cruise Control NA 30.62 NA 30.62

Table 7.8. CO, Cost per Tonne, Diesel Vehicle, European Driving Assumptions

Ambient Temperatures Cold Hot

Traffic Conditions Dense Light Dense Light
Electric Water Pump -$159 $193 $193 $896
Efficient Alternators -$370 -$229 -$229 $52
Efficient Air Conditioners NA NA -$323 -$135
Heat Pumps for A/C NA NA -$229 $52
Hesat Battery -$173 $502 NA NA
Dual Cooling Circuits -$285 -$285 -$60 -$60
Idle Stop/Start

(assumes 42V system) $474 NA -$18 NA
Low Rolling Resistance Tyres -$145 -$327 -$145 -$327
OW-5W/20 Qils -$229 $52 $52 $52
Tyres Inflation Monitor -$313 -$313 -$313 -$313
Shift Indicator Light

(manual trans.) -$443 -$398 -$443 -$398
Driver Training -$285 -$435 -$285 -$435
(Adaptive) Cruise Control $1 833 -$42 $1 833 -$42

TECHNOLOGY AND POLICIESTO IMPROVE VEHICLE IN-USE FUEL ECONOMY —ISBN 92-821-0343-9 - © ECMT, 2005



it E
e — d/’ .
(@) 2

78 - TECHNOLOGY COSTS AND POLICIES TO PROMOTE TECHNOLOG&S THAT IMPROVE FUEL ECONOM
Q 'O °
A S v

The consumer pay-back cost-effectiveness analysis\)ovides a goo% stration of why most of J
the 13 technologies identified have not made much head@é/ in th arket. Even at fuel prices )}
prevalent in the EU, few technologies are cost effective ungekall climmatic and traffic conditions. Th67
notable exceptions are the shift indicator light (SIL) and t ua cooling circuit system. How

given that many technologies show much better cost-effectiven n a socia (CO,-reduction

than private basis, this suggests that government policies are n e(ba brlng these techn{ |nto
greater use.

Policies to Promote Technology Introduction

A number of technologies are particularly cost-effective from both consumer and societal
viewpoints, primarily associated with gasoline vehicle shortfall reduction in cold ambient temperature
and dense traffic conditions. These technologies are the electric water pump, energy efficient
alternator, heat battery and 5W-20 oil. Under cold ambient dense traffic conditions, the combination of
all these technologies could increase on-road fuel economy by 10+%, on average, or up to 20% during
winter. These benefits could accrue in most urban locations in Northern Europe, Canada, the Northern
U.S. and Northern Japan, and this appears to be a most promising area for policy intervention.

The SIL, applicable to manual transmissions, has aready penetrated the U.S. market (which is
quite small due to the low percentage of vehicles equipped with manual transmissions) but has not
penetrated the EU due to the fact that manufacturers do not get any fuel economy credit on the test
procedure for its adoption.

The dual cooling circuit system requires an engine cooling system redesign, and is likely to be
introduced slowly as gasoline engines are updated or redesigned. The costs of this technology are
primarily associated with capital investment in redesign, and best accomplished at the beginning of a
product cycle for each engine model.

For diesal vehicles, methods to discourage high speed driving or high RPM shifting are the only
cost-effective areas for intervention.

Policy measures to promote technol ogies typically include:

e Providing information to consumers.

e  Command-and-control regulations.

e Financid incentive to consumers.

e Financia incentives to manufacturers.

e Voluntary agreements with manufacturers.

Information on cold temperature benefits of the technologies listed above would be a positive

step but may provide only limited motivation to consumers. As noted, the net effect of any one
technology is only few percent reduction on fuel consumption, and the cost-effectiveness is marginal
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(three to four years payback) from the consumers vi e@yi nt. However, the @—\nologies aso have 9
emission benefits at cold temperatures and the full cost of these systems n t be alocated to fuel
savings aone. Many OECD countries have cold temperattife emission Ii@at could be made more
stringent to force adoption of these technologies. Mode@iscal ir?g es to manufacturers in the v
range of Euro 100 (or $100) per vehicle to reduce fuel c mptiom under cold ambient and |0W9
average speed conditions could promote their use in specific Me€ations.

Driver training is cost-effective if drivers continue to f(ﬁ(o]ythe procedures sugg)uently
Promoting it is a particularly attractive policy measure because “ECO-DRW | N_ only save
fuel and reduce CO, emissions but aso reduces other emissions (CO, HC, NOx, soot and other
particles), traffic noise, accidents and damage and wear-and-tear to vehicles. The calculated cost
effectiveness of the Netherlands ECO-DRIVING programme is €8 per ton CO, emission avoided.

Government subsidized training programs appear to be the only method to provide the required
training. Such programs should be ingtituted along with publicity about the programs, and subsequent
popularization with fuel efficient driving contests, etc.

It is difficult to estimate how training will affect the driving habits of the magjority of drivers who
(at least currently) do not appear to be motivated to learn and use efficient driving techniques. The
Netherlands government argues that standard equipment of all new cars with fuel-saving in-car
devices is the only way to address and influence the millions of licensed European drivers who are
accustomed to the “old” way of driving (at too high RPM levelsin too low gears for modern engines).
As developing sufficient capacity to train al licensed drivers in a short period of time is not feasible,
cars must do the teaching. The technology to support fuel efficient driving is aready available in many
cars, or can be added at very low cost (less than $10).

While not directly discussed as a technology, the introduction of 42 volt electrical systems would
facilitate introduction of electric water pumps, idle stop technologies, energy efficient aternators and
“mild” hybridization. Until generalisation of 42 volt systems, costs will be high due to the need for a
dual voltage (14/42V) system, resulting in poor cost benefit ratios for these technologies.

It appears that current 14V systems could be upgraded to provide idle stop systems at lower cost,
but running the air conditioner during engine stop would not be possible. In winter conditions,
frequent engine stops may result in offsetting fuel economy loss due to the engine operating below
normal temperature. Hence, the economic case for idle stop technology remains unclear. It is possible
that “full hybrids’ of the Toyota Prius type may be a better, but higher cost solution.

It may be possible to utilize voluntary agreements with manufacturers to introduce cost-effective
technologies in specific locations. For example, home air conditioners are now required to meet a
certain minimum efficiency level in the U.S., and a similar agreement could be reached for vehicle air
conditioners.

Finally, adaptive cruise control (ACC) is likely to be used for comfort/convenience, but fue
economy benefits over a normal (non-adaptive) cruise control may be minimal. ACC can be used in
some situations where mechanical cruise control cannot be used, but ACC does not yet have the
capability to adapt to full stop-and-go traffic conditions. Overal costs are likely to remain high due to
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the need for radar, electronic throttle control and brakel@/vi re systems. ACC@% not appear to be a i)
suitable candidate for any policy actions from an energy @servation viewpegpat: )

<
\»O & ‘9@
¢,

¢
<
b ° LeC‘\)

Note

1. Many estimates have been made of the external, or social, costs of oil use — some embedded in more general studies of
the socia costs of automobile (e.g. a series of reports by Delucchi, 1991-2003, http://www.its.ucdavis.edu/faculty/
delucchi.htm). A wide range of estimates exists, for example as reported by Murphy and Delucchi, 1996 and Wahl,
1996%% %, Focusing just on those factors directly related to oil use (and excluding other vehicle related costs such as
accidents, traffic congestion, etc.) Wahl reports a range of external cost in the literature of 21 to 134 US cents per
gallon (about 5.5 to 35 cents per litre).
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