Institute for h .
European

Environmental T-.
Policy Q

FOOTPRINT AS UTILITY PARAMETER

A TECHNICAL ASSESSMENT OF THE POSSIBILITY OF USING
FOOTPRINT AS THE UTILITY PARAMETER FOR REGULATING
PASSENGER CAR CO, EMISSIONS IN THE EU

Malcolm Fergusson, IEEP
Richard Smokers, CE Delft
Gerben Passier, TNO
Maurice Snoeren, TNO

July 2, 2008




1 INTRODUCTION — THE SEARCH FOR A UTILITY PARAMETER

In the background research in support of the Cominnss Impact Assessment for its
proposal for its proposal for a Regulation to redd@> from cars (COM(2007)856
final) one important component was to identify atehle ‘utility parameter’ that

could be used in the design of targets for legmtat

A utility parameter is potentially an important tdo allow for differentiated targets
for different cars or car manufacturers to refléoe different ‘sizes’ and hence
different degrees of utility of different classelswvehicle. This was perceived to be
particularly important because there was clearirement from the outset to ‘respect
the diversity’ of the European car market. Sindéedent car makers occupy different
segments of the market — ie some make mainly sfaalily’ cars while others make
predominantly larger and more luxurious modelshwhe latter having generally
higher average C{emissions — some rational means of giving a laafjewance to
the latter than the former, while still ensuringttithe latter take on their fair share of
the reduction burden, was needed.

It was also clear that it would be most desiraldeuse a continuously-variable
numerical parameter for this purpose. While it nilgé possible to divide all cars up
into a series of categories and set targets fon efdhese, such categories would
necessarily be arbitrary and likely subject to dispand legal challenge. In contrast a
continuously-variable parameter could be usedawnalisethe emissions from each
car or company, and thereby arrive at an objegtiset and tailored target for each
company that would have more chance of being pexdeio be ‘fair’ and to reflect
their particular sales mix.

As set out below, a shortlist of two options focheice of utility parameter — weight
or pan area (the product of the overall lengthiutih of the vehicle) — were selected
and used for further analysis. It was however rasmgl that either of these options
had its shortcomings, and it was further suggestede study that ‘footprint’ (ie the
length of the wheelbase of the vehicle multipligdts track width) might well prove
a superior parameter.

As the relevant data were not available to theystedm to allow for its analysis,
however, the footprint option was not pursued ferrtht that time. Now, though,
additional data on footprint have been obtained andlysed. This paper presents
draft findings of this analysis.

The next sections address the following topics:
- The theoretical benefits of footprint as utilityrpmeter;
- Methodology used to derive footprints for the EUiete fleet;

- Development of a footprint-based limit function aamhlysis of distance to target
for various manufacturers;

- Analysis of perverse incentives in relation to shagpe of the limit function;
- Overall conclusions.



2 THE THEORETICAL BENEFITS OF FOOTPRINT AS A UTILITY
PARAMETER

2.1 The Shortlisting of Possible Parameters

In this and the earlier analysis in support of turopean Commission’s Impact
Assessment of its proposed Regulation we haveesdutie possibility of utilising a
wide variety of possible parameters as a basia fatility function to be applied in a
sloped line target with a future legal instrumieme applied a range of criteria to
select a shortlist of options, including in partaouhe following:

- Good measure of ‘utility’ (ie encourage acceptaddpects of utility rather than
controversial or less acceptable ones)

- Preference for a continuously-variable function

- Availability (actually available or easily obtairlapof required data

- Understandable — hence preference against a corffysietion or variable

- Perverse effects (ie incentive to ‘gaming’) shdogdminimised

- Adverse effects (eg reduced vehicle safety) shbaldvoided

- Should not exclude specific technical options

- Distributional impacts should not unfairly disadtege any particular
manufacturer group on account of the charactesisti¢their model portfolio

It should be emphasized that in the above listl¢hrel of correlation between GO
emissions and the utility value of vehicles on th&rket isnot included as a criterion
for a suitable parameter. Some level of correlatigth CO; is obviously necessary
because without that the utility parameter doespmnovide a basis for differentiation
of the target. But a 100% correlation would simpigan that the chosen parameter is
a direct physical determinant of G@missions, which would not leave any room for
optimisation at a given utility value. On the camyr, we are looking for a utility
parameter that a significant level of spread in@® emissions for vehicles with the
same utility value, as this shows that there argswa improve vehicle efficiency
without changing the utility value and that somenofacturers build more efficient
vehicles than others.

In the work for the European Commission we theredra shortlist of options, on the
basis of our initial analysis, as follows:

- U =m, vehicle weight (empty) in kg
- U=Ixw, pan area = vehicle length x vehicle Widt nf

Footprint (ie U = wb x tw, footprint = wheelbaseaxerage track width in i) was
also identified as a promising candidate for there, but could not be pursued at that
point because detailed data on the footprint ofividdal models sold were
unavailable — hence they could not be applied endibtailed analysis, and nor would
they be available as a basis upon which to basgad Regulation.

1 See: [IEEP 2008]: M. Fergusson (IEEP) et Rbssible regulatory approaches to reducing ,CO
emissions from carsStudy carried out by IEEP, CE Delft and TNO ohdléof DG-ENV, contract
nr. 070402/2006/452236/MAR/C3, 2008, http://ec.pareu/environment/co2/co2_study_ia.htm

2 je the average of front and rear wheel track widththese can differ



Table 1: Summary Qualitative Assessment of theelUtidity Parameters

Criterion U=Weight-based U=area-based

Pan area Footprint
Good measure of Proxy for other Reasonable proxy for Good proxy for
utility measures of utility, | vehicle size vehicle cabin size

eg vehicle size,
special features, but
not generally seen a

a virtue in itsel®

(excluding height,
but an unnecessarily
high cabin is

undesirable anyway

Continuously variable

Yes

Yes

Yes

Available

Yes —reported in

Yes — available but

Not available up

Monitoring not reported until now — required
Mechanism to be reported in
Monitoring
Mechanism under
proposed Regulatior]
Understandable Yes — very Yes Yes — fairly
Perverse effects/ Yed Yes to an extent — eq Limited”
gaming deeper bumpers
Adverse effects Yes — saféty No No — safer

Not excluding options

Could exclude
weight-reduction
measures to reduce

CO,2Tends to
favour heavier
options eg diesels,
hybrids and to
penalize e.g. engine
downsizing if this
also leads to weight
reduction.

Not greatly — it does
reduce the incentive
for reducing the
width of the car, but
it is generally
difficult to do this
without sacrificing
utility in the form of
cabin space and

possibly roadholding|

Not greatly — it does
reduce the incentive
for reducing the
width of the car or its
wheelbase, but it is
generally difficult to
do this without
sacrificing utility in
the form of cabin
space, driveability of
comfort.

Distributional impacts

Appears ‘fair’ and
guite similar to pan

are®

Appears ‘fair’ and
quite similar to

Not yet known —
probably similar to
pan area (see below|

weight/

Source:Based offIEEP 2008} with additions

3 Indeed, in car reviews weight is often portraysdaanegative feature; but strictly speaking this is

likely to refer to a perception of being ‘heavy used by poor handling or acceleration

characteristics. A heavy car can in fact be veiyedible provided it has a commensurate level of

power and suitable suspension and steering gedumast luxury cars are relatively heavy.

4 See discussion below of the relative merits ddént utility options, and of US analysis

5 But see analysis below of package options

6 Note 9 of [IEEP 2008] entitled “Quantitative arsilyof various options with updated model” shows

that the distributional effects of mass and pam a® utility parameters is very similar, although f
some manufacturers the sensitivity to the slopethef limit function strongly depends on the
parameter chosen. For more details the readefeised to the Note.

7 Note 9 of [IEEP 2008] entitled “Quantitative arsily/of various options with updated model” shows

that the distributional effects of mass and pam a® utility parameters is very similar, although f
some manufacturers the sensitivity to the slopehef limit function strongly depends on the
parameter chosen. For more details the readefeised to the Note.



Nonetheless, footprint appeared likely to offeruaber of benefits relative to the two
parameter options that were analysed in detaihenstudy referred to above. These
are summarised in Table 1.

In summary, there appeared on the face of it ta Idmber of possible benefits of

using footprint rather than weight as a utility gaeter, as follows:

- Footprint is a good measure of the ‘space’ avadablthe vehicle cabin;

- It appears to limit the possibilities of maniputati or ‘gaming’ of vehicle
characteristics to increase the £fllowance for a particular vehicle;

- It fully rewards and does not penalise efforts talgaveight reduction;

- Insofar as US evidence is applicable to Europes Hdemed to suggest that
footprint was associated with improved safety, \ehsr weightper se was
associated with an increase in fatalities.

In short there may be several clear benefits taguidotprint as a utility parameter,
and no obvious downsides once the data are awailabl

2.2 Possible Perverse Impacts of Weight as Utility Paraeter

Possible perverse impacts of the choice for a #pegiility parameter cover the
following aspects:

- Possibilities for ‘gaming’ the legislation;

- Perverse incentives.

Gaming is possible if there are easy and cheap snemanipulating the utility
parameter value of a vehicle to increase the G@et and thereby reduce the need
for application of CQ reduction measures. Adding ‘dead’ weight to a ekeh{the
proverbial ‘brick in the boot’ scenario) or mourgibigger bumpers to increase pan
area are such perverse gaming options. In theafasdding ‘dead’ weight it is all the
more perverse as it not only reduces the requir@d @duction effort but also
increases the actual G@missions.

A utility-based limit that has options for gamingngrally also creates perverse
incentives in the sense that it rewards manufatu@ develop and sell bigger or
heavier cars or discourages manufacturers to apptain CQ reduction measures.

The extent to which this is the case generally ddpeon the slope of the limit

function in comparison to the additional €@missions resulting from an increase in
the value of the utility parameter.

Vehicle weight is a strong determinant of a vehscleO, emissions and as such
weight reduction is an important technical optian feducing C®@ emissions from
passenger cars. Choosing weight as utility parantietss reduces or even potentially
cancels the potential of weight reduction as anoapfor contributing towards
meeting any utility-based limit or target. With @bt as utility parameter, reducing
the weight of a vehicle also leads to a lower,@dget for that vehicle, thus reducing
the incentive to cut weight. The extent to whichighe reduction is discouraged as a
CO; reduction measure depends on the slope of thehtvkaged limit function.



In principle, these effects tend to discourageuse of weight reduction as an option
for manufacturers to meet their g@mission target based on the sales-weighted
average utility value, and hence makes the averadictions more expensive than
they otherwise would be. In practice, however, dhalysis suggested that this effect
would not be very large. Excluding weight reductidecreases the maximum
reduction potential of the measures identifiedTiIND 20068, but analysis suggested
that this full potential is not necessary for raagtthe average target of 130 g/km. At
the same time there are other Q®duction options available with similar cost and
potential as weight reduction so that the overadits for meeting the 130 g/km target
are expected not to be significantly affected rtjpl) exclusion of weight reduction
as a CQreduction measure.

That said, the analysis only included three quasidweight reduction options (‘mild,
medium and strong weight reduction’ on the basisapplying light-weight steel
construction to the vehicle’s body in white. Altlgbuthese could not be quantified for
the purpose of the [TNO 2006study, there may exist various other options for
weight reduction eg through application of lightgl®i materials in the vehicle’'s
interior or weight reduction in various vehicle qooments. It seems likely that a
weight-based utility parameter would also discoardge development of these
possibilities, whereas ideally a @Regulation should encourage engineers to look
for such clever and possibly very cost-effectivéays in the design of vehicles.

Our earlier analysis did conclude that the pervesfect in favour of increasing
vehicle weight could be minimised by keeping thleps’ of the utility curve fairly
flat — ie not fully compensating for weight increaslt was suggested that the use of a
slope below 80% would eliminate at least most oé tperverse incentives.
Nonetheless, Figure 1 above and the Technical Atméxs paper both illustrate that
weight is an important determinant of the powerumsments and hence GO
emissions of a car, being a component of acceteragsistance, rolling resistance
and gradient resistance.

8 [TNO 2006], R. Smokers et alReview and analysis of the reduction potential amsts of
technological and other measures to reduce, E@issions from passenger capsoject carried out
by TNO, IEEP & LAT on behalf of the European Comsim®m (DG ENTR), contract nr.
S12.4082812, TNO Report 06.0R.PT.040.2/RSM, Oct@0e6
http://ec.europa.eu/enterprise/automotive/pagesaakd/pollutant_emission/index.htm#co2.



Figure 1: Weight as a Component of the Power Regouénts of Cars
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The maximum allowable slope depends on the optfonsgaming’ and perverse
incentives that are considered likely. Basicallgethoptions can be discerned where
weight is concerned:

- The first option is the proverbial ‘brick in the dtdin which weight is added to
the vehicle without compensation of the resultiggsl in performance by
increasing engine power, but thereby gaining e&ta allowance;

- The second option is to add mass to the car whilthe same time applying
compensating measures to engine and powertrain tntam vehicle
performance;

- The third option is the mechanism that correspotadsipward or downward
market shifts, e.g. consumers buying on averaggeitaand better performing cars
or smaller and less performing cars. In case ofimard market shift this trend
will also lead to an increase of the average mhaswly sold vehicles over time.



It was suggested that the use of a slope below\B6&td for the majority of vehicles

sold eliminate most of the perverse incentives gdsethe second and third option.
To fully exclude the ‘brick in the boot’ option tlstope of the limit function would

need to be below 40%, but this would strongly iasee distributional impacts on
some companies.

2.3 Impact of weight as utility parameter on the cost b meeting the 130 g/km
target

As also recognised in [IEEP 2008lising mass as utility parameter reduces the
effectiveness of weight reduction as an optionctanplying with a utility-based limit
function and as such reduces the number of optawaslable to the industry for
meeting the target. This could lead to higher caamgle costs depending on whether
or not other options with similar cost effectiveseme available alongside weight
reduction.

The impact of (fully) excluding weight reduction asreduction option on the cost
curve is shown in Figure 2 below, which is takeonfr Technical Note 4 of [IEEP

2008]. The light grey dots are the original paclsagéh all possible combinations of
individual CQ reduction options as discerned in [TNO 2306thile the black dots

are all packages that do not contain weight redncs one of the measures.

Figure 2: Impact on The Cost Curve for a Mediume&iPetrol Vehicle of (Fully)
Excluding Weight Reduction as a £€8eduction Option (Taken from Figure 4 in
Technical Note 4 of [IEEP 2008])

Note: Grey dots are the original packages withpaBsible combinations of individual G@eduction
options. Black dots are all packages that do notain weight reduction as one of the measures.

Excluding weight reduction significantly reduce® thumber of packages available
for reaching a given CQOreduction within a given cost range. Nevertheléssas
concluded in [IEEP 2008] that the overall spread tbé cloud of possible
combinations of options remains similar to the ioidd) and would not lead to a
significant shift in the cost curve. Only for retioas above 70 g/km (which for most
manufacturers is beyond what is necessary to aghter 130 g/km target) one can
observe that a small band with the cheapest opitoascluded. As such [IEEP 2008]
concludes that exclusion of weight reduction islikaly to significantly influence the
costs of reaching the desired levels of,G&duction in most cases, but does reduce
the number of approaches available to manufactioerseaching a certain level of



CO, emission reduction in a way that not only serve3, @eduction and cost
optimisation but also meets other targets set imcle design.

For a 2012 target of 130 g/km it is indeed likdhatt reducing the cost-effectiveness
of weight reduction as a GQeduction measure option has a very limited imact
the total cost of meeting the target, i.e. not nthem a few percent. Nevertheless it is
clear that if reducing the effectiveness of weigdduction would have an impact on
costs it would be an increase, and this cost isereall become more prominent with
further reduction of the sales averaged target heéy®12. Above 70 g/km reduction
in Figure 2 the outer envelope of the cloud of dadmts shifts about 6 g/km to the
left, independent of the overall reduction. As tlost curve is positioned on a 2/3-1/3
division of the width of cloud, this shift of thesr envelope would lead to a 4 g/km
shift to the left of the resulting cost curve. Ateluction of 70 g/km a 4 g/km shift of
the cost curve results in a cost increase for astgethat reduction by some 13%. For
higher reductions the relative cost increase a&saltrof excluding weight reduction is
smaller.

This indicates that in a worst case (full exclusadnwveight reduction) the costs for
meeting higher levels of GOeduction could be order of magnitude 11 - 13%héig
than what would be assessed based on the assumpsied in [IEEP 2008]. The 60%
slope of the weight-based limit function proposediiie European Commission still
rewards some 25% of the @@npact of weight reductiéh leading to a shift of the
cost curve by 3 g/lkm and a corresponding cost asa€or meeting the target of
maximum 9 - 10%. The exact increase in averages aegpends on the GQ@arget
level and the amount of autonomous mass increaséstassumed. The latter requires
additional CQ reduction to compensate for the impact of incréasass on C@ For
individual manufacturers the cost of meeting thrgaafurthermore depends on their
distance to target, which is their average vehétfeeiency relative to that of other
manufacturers.

In addition to this is should be mentioned agaiat thesides the options of weight
reduction for the body-in-white, which are includedthe cost curves from [TNO
2006], there may be a range of other weight redoaiptions available in the design
of a vehicle and its components. The fact that tteas utility parameter does not
reward these options, may lead to underutilisatmin these options by car
manufacturers. These options, however, are expdotdée relatively cost effective
and may thus lead to lower costs for meeting thgeta

Concluding it can be stated that for the 130 g/knget the choice of mass as utility
parameter may lead to a few percent higher cosnfmeting the target than would be
the case for utility parameters (e.g. pan areaootpfint) that fully reward the
effectiveness of weight reduction as a £@duction option. For more ambitious
future targets the use of pan area or footprintadisy parameter may result in up to
10% lower costs than is the case for a weight-basedfunction.

9 An 80% slope is roughly equivalent to the G&nission increase per unit weight increase based o
the following average relation:CO,/CO, = 0.65 m/m, e Annex A of Technical Note 8 of [IEEP
2007].



2.4 The Relative Merits of Pan Area and Footprint as Utity Parameters

It should be stressed that neither pan area napriod would present these perverse
effects. Pan area does suggest other possibifitiesgaming’ the outcome, but
footprint apparently much less so. That is, pama @aan be increased at low cost, even
on existing vehicle models, simply by adding largempers. To increase footprint, in
contrast, either track width or wheelbase needbetdncreased, and both options
require structural changes to the vehicle desigh ¢tn only be made as part of a
major redesign that would typically take place gvsix years or so. This in turn
requires significant cost and effort to be put itite new design, and in this process
footprint size and C®emissions would need to be weighed up againside wénge

of other desirable features in a highly sophistidatiesign process. There could still
be room in this for some perverse incentives toease footprint area and hence the
CO, allowance, but in this case the designer is iaafflesigning a bigger car, so this
is a far cry from the simple ‘brick in the boot’ tam.

Track width can only be increased as the widthhef\tehicle is increased. This adds
mass and also increases frontal area, leading toca@ase in C@emissions. Over
the past years wheelbase length has already imdteignificantly (at the expense of
front and rear overhang) as this increases intaspace, driving comfort and vehicle
stability. The room to further increase wheelbag@aut increasing vehicle length is
considered limited because the easy options haeady been taken up: further
increases are likely to involve tradeoffs againkeodesirable features. Increasing the
vehicle length may somewhat reduce air drag, blitalgo add weight to the vehicle.
Increasing footprint is thus difficult to apply &xisting vehicle platforms in isolation
and when applied to new vehicles will very likelg bccompanied by an increase in
CO, emissions that at least partly offsets the bewéfit higher target.

If the design of a new vehicle does provide thesfimigy to increase wheel base
without increasing the overall length of the vedjdbotprint can be increased without
an accompanying increase in £émissions. This in itself may be considered a form
of gaming, as it increases the target and redukbesreéquired effort from the
manufacturer to apply COreduction measures. But as a gaming option it is
considered less “perverse” than increasing masg dses not of itself lead to
increased C@emissions, and is likely to be accompanied by genutility gains in
terms of a more comfortable ride and more intespake.

Reflecting these points, a technical analysis ef ithpact of increasing width and
length on CQ@ emissions is presented in Annex A. The outcomesésl in section 5 to

determine the maximum slope level that can be egphithout creating a perverse
incentive for manufacturers to increase footpnmbider reduce the required level of
CO;, reduction measures.

A further point to note is that modern manufactgrmethods often utilise the same
basic vehicle platform for a number of different dets with quite different
requirements and characteristics. This furtherigtstthe room for gaming.



2.5Developments in the US

In March 2006 the US National Highway Traffic Sgfétdministration (NHTSA)
issued a ‘final rule’ reforming the structure oketluS CAFE programme for light
trucks and establishing higher fuel economy stadsléor model year (MY) 2008-

2011 light trucks and minivah8. The reformed CAFE programme also restructures
the fuel economy standards such that they now usenpletely new utility parameter
as the basis for targets, namely a vehicle’s ‘footp(ie the vehicle’s wheelbase
multiplied by its track width).

Vehicle weight and ‘shadow’ (ie pan area) had dieen considered as possible
functions on which to base the standards, but thene concerns that they could
more easily be tailored (ie gamed) with the obyectf achieving a less stringent
target and they were therefore discounted in fasbdmotprint. The latter is argued to
be more integral to a vehicle’s design as it isadexd by the vehicle platform (which
is typically used for a multi-year model lifecyglegnd cannot therefore easily be
altered between model years.

Note that the footprint approach also received supp a March 2004 meta-study by

Dynamic Research Inc (DRI} which analysed a number of previous studies in¢o t
effects of vehicle weight and size on accidentlitgtaisk. All the studies reviewed
used data on crashes for both light trucks andepass cars. The study concluded
that reducing wheelbase and track width (ie footpigenerally increased the number
of fatalities, whereas reducing vehicle weight &rnd decrease the number of
fatalities.

Clearly there are differences between Europe aedJh as regards average vehicle
size, fleet composition and driving conditions; kot the extent that they are

applicable in Europe, these findings on safety wdad a significant further argument

against a utility parameter that could encouragatgr weight rather than footprint.

More recently, the NHTSA has confirmed its intentito adopt a continuously-
variable function of footprint to regulate cars dight trucks for model years 2011-
20152 Thus if the EU were to shift at the earliest &alde date, there would be a
uniform basis for establishing G@uel economy requirements for models sold on
both sides of the Atlantic (in the world’s two lagy vehicle markets) and similar
regulatory pressures on both.

10 Final Rule on Average Fuel Economy Standards fajhtiTrucks Model Years 2008-2011 -
http://www.nhtsa.dot.gov/staticfiles/DOT/NHT SA/Rutaking/Rules/Associated%20Files/2006FinalR

ule.pdf

11 A Review of the Results in the 1997 Kahane, 2062,2003 DRI, and 2003 Kahane Reports on the
Effects of Passenger Car and Light Truck Weight &iz# on Fatality Risk (DRI-TR-04-02), R. M.
Van Auken and J. W. Zellner, March 2004

12 Average Fuel Economy Standards; Passenger CarsLayitt Trucks Model Years 2011-2Q18S
NHTSA, Washington, 2008
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3 METHODOLOGY FOR ASSESSING FOOTPRINT OF THE EU FLEET

3.1 Obtaining a Footprint Database

The analytical basis of this study is as far asitds identical to that used in [IEEP,
2008] and the same data are utilised in orderltoved direct comparison of footprint
to the other two utility parameter options. Howeveotprint data were not available
and no comprehensive and detailed database ofottprints of the EU’s new car
fleet is known to exist.

It was therefore a first requirement to develophsadatabase. A first step in this was
to obtain and examine two databases of national wéh pan area and footprint as
well as CQ emissions for a large number of car models aniant. The most
important of these was a database compiled by timveéltbundesamt (UBA) in
Germany. The two databases were compared in @etditheir pan areas were also
crosschecked against previously-available dataetdfythat the data were reliable.
From this it was determined that the UBA databaaes extremely accurate, and that
it also included the most representative variahigrtually all of the most popular car
models sold in the EU-15. That is, the UBA dataezted some variants of 99% of the
models in the Polk database (see below), and 75%cifal sales, with only two
moderately popular models that were not covered.

However, the data were confined to German car ssbea detailed database of all EU
sales was needed. For this we obtained accese tB.th. Polk Marketing Systems
GmbH database of year 2006 sales, which includ&sle® information on the sales
and technical parameters of approximately 58,00€rdnt car variants. These
technical data include number of sales and panfaresach variant, but not footprint.

There are however many body-size variants in tHk Bt — many more than in the
UBA database, so it was necessary to approximatéotitprint from the pan area and
model details in each case. This was achieved Ippmg the UBA footprint data

onto the Polk database using a cascading sergggoobximations as follows:

- Where the pan area sizes matched to within 10Dfa® they did for most
common models and variants), the UBA footprint ealas applied directly;

- For variants with pan areas that did not match tixaootprint was approximated
by multiplying the pan area value in the Polk datahe unweighted average ratio
of footprint to pan area for the model as a whdleoatained from the UBA
database ;

- For models where there were no exact size matehései UBA database, the
model’s unweighted average ratio of footprint to maea in the UBA database
was multiplied by the Polk pan area for each variamive a derived footprint.

- For models that were not recognised in the UBA lukda, the manufacturer’s
overall unweighted average ratio of footprint toaea from the UBA database
was applied to the Polk pan area values for eaghnta

- For the minor manufacturers that were not in or mabgnised in the German
database, the fleet unweighted average ratio apfon to pan area from the UBA
database was applied to the Polk pan area value=abfb variant to approximate
the footprint.
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As illustrated below, this method gave very acaurasults, especially for the most
common models and variants sold, and gave a godal the original UBA database.
We can thus have good confidence that this acdyragéflects the sales-weighted
footprint values for each vehicle holding company.

Note: Detailed analysis of the database used has re&vealae inconsistencies in the
vehicle width data of some models. The most sigaift of these have been manually
corrected, with a high degree of confidence in¢thanges made. Remaining issues
are not of sufficient magnitude to significantlyeadt the overall results or conclusions
of this analysis. Note however that company redolt®Renault and DaimlerChrysler
in particular are affected and should be regardegravisional. On the basis of the
various data sources available to us, it appeaas fthly corrected footprint data
would result in a somewhat more stringent (ie Igwarget for Renault, and a slightly
easier (ie higher) target for DaimlerChrysler. [gcaappears likely as a consequence
that the distance to target for Renault would beagsr and for DaimlerChrysler
would be less, thereby further reducing the difiees in distance to target between
the weight and footprint-based utility functions.

4 DEVELOPMENT OF A FOOTPRINT-BASED LIMIT FUNCTION

4.1 Footprint and Pan Area Compared

Figure 3 below illustrates the relationship betwgam area and the footprint data
derived from the merging of the two databases &mhanodel and variant sold in the
EU in 2006.

Figure 3: Footprint vs Pan Area for all 2006 Modéhriants
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This illustrates that there is a very close relalip between footprint and pan area
for all cars. The unweighted least squares fitgjiae R value of 0.91, which matched
very closely to the value of 0.92 reported for dhiginal UBA database. That is, most
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of the values fall very close to the regressior.liRor reasons of simple geometry,
however, some larger vehicles tend to have ratiasfall above the line, while small

vehicles in particular tend to fall slightly belowWhat is, large vehicles have better
possibilities to have a very long wheelbase retativ overall vehicle length, but for

small vehicles such options are constrained byvneel radius.

Figure 4: Footprint vs CQEmissions for All 2006 Model Variants
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Figure 4 above illustrates the scatter of,@missions against footprint for all 2006
sales models and variants. As with the other twarpaters studied previously, this
illustrates a significant scatter of both footpruatiues and C@emissions across the
fleet. Not surprisingly given the close fit to parea, the scatter pattern is quite
similar for these two variables.

Figure 4 also illustrates the sales weighted fie006 emissions. As with the other
parameters studied, this gives a fit close to thiéoln of the ‘cloud’ of scatter points,
reflecting the fact that the most common modelsnfm@st-sold models) tend to fall
towards the bottom of the G@missions range for all footprint values.

Figure 4 also includes the ‘100%’ target line feaching a 130g/km overall target.
That is, it illustrates the degree of improvemeeeded at all footprint values if full
credit is given for the footprint utility value. laeer percentages would imply only
partial credit being given for higher footprint uak, while a zero percentage implies
no credit being given for a larger footprint valuén effect giving all vehicle sizes the
same target.

Table 2 below presents the a and b values neededemnerate slopes for a
representative range of slopes for the footpriityuturve for the formula a x + b.
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Table 2: a and b Values for the Sales-Weighted tL8gsares Fit through the 2006
Footprint vs CQ Data and a Range of Target Slopes for the FootfBesed CQ

Limit Function

a
least squares fit 2006 52,106 -43,0
slope 120% 120% 50,591 -67,7
slope 100% 100% 42,159 -34,8
slope 80% 80% 33,727 -1,8
slope 60% 60% 25,295 31,1
slope 40% 40% 16,864 64,1
slope 20% 20% 8,432 97,0
slope 0% 0% 0,000 130,0

4.2 Footprint and Holding Company Average CQ Emissions

Figure 5 below illustrates the 2006 average emissifor each of the main
manufacturer holding companies in the context efdkierall scatter of vehicles and
the two lines shown in Figure 4 above.

This illustrates that for footprint, even more bar for pan area, company averages
are much less widely scattered than the overattescaf vehicle results, or indeed the
scatter based on vehicle weight. The two outlyiagpanies with the highest average
CO, emissions are Porsche and Subaru respectively;twbewith the smallest
footprint are Fiat and Suzuki. All others are refgly closely grouped, with most
falling close to the 2006 average regression Img,all falling above the 130g/km
target line (at 100% and all other possible sloglees).

Figure 5: Holding Company Average Footprint and C@bm 2006
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Figure 6 below compares the distance to targethferproposed mass-based utility
curve with that for footprint for each holding coamy in relation to a range of
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possible slope values for the target curve. Thistilates that a footprint-based target
gives a very similar overall target distributiontween holding companies as does
vehicle mass. In almost all cases the distribuéitso varies in the same direction in
relation to the slope of the chosen curve, showirag in almost all cases it is the
same companies that would benefit from a steeparflatter curve.

A key difference, however, is that in almost albes the variation across slope values
is less for footprint than for mass — ie the topshe grouped bars for each holding
company are flatter. This illustrates that the ribstional impacts of the footprint
target line are generally much less sensitive ¢octirve slope value chosen, which in
turn reflects the close grouping of the companieEss in Figure 5.

Figure 7 below also compares the effort requiredeuneach slope value as a
percentage of current emissions. This illustrates the required effort under all slope
values is much more evenly distributed when exeksss a percentage reduction
requirement — typically around 30% except for thosmpanies with the highest and
lowest current averages. In the latter casesthase with highest emissions that are
required to do most, and those with the lowestddedhst. Thus this suggests that
footprint is capable of delivering a fairly equitaldistribution of effort required to
meet differentiated targets.
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Figure 6: Distance to Target Compared for Mass &wbtprint-Based Targets with
Different Slopes
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Figure 7: Distance to Target Expressed as a Pergmif 2006 Emissions
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4.3 Distribution of Costs for Individual Manufacturers under a Footprint-
Based Utility Function

A possible impact of using footprint on the overatlst of meeting the target is
discussed in Section 2.3. Apart from this possdbiidt of the cost curves, the overall
average effort required to fulfil a Regulation kéhsen a footprint-based utility
function is the same as for any other parametee. réason for this is that the total
average distance to target is the same. Therdfereverall cost of the measure would
remain quite similar to what is set out in the Cassion’s Impact Assessment.

However, using footprint instead of weight will ttéo somewhat different distances
to target for the various manufacturers. Any ddfezes in the distribution of the
distances to target for each holding company, ggested by Figure 6, will lead to
comparable or greater changes in the total costabcompany. This is because the
companies can in principle optimise the costs ireiin each vehicle segment such
that they make reductions in @@missionsvherever the marginal cost of doing so is
cheapest; but if they are required to make greatirctions overall because they have
a tougher target, they will have to move furthertbp cost curve in some or all
vehicle segments and will thus incur higher margawsts in doing so. Conversely, a
company with a less demanding target will have avenless far up the curve than it
otherwise would, so both their marginal and aveidggement costs will be lower.

The comparison of distances to target for weigimd #ootprint-based limits, as

presented in Figure 6, shows that the spread its ¢osindividual manufactures (so
called “distributional impacts”) is very similar fdoth cases. Using footprint as
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utility parameter is thus not expected to lead fganchanges in the distribution of
costs for meeting the target over the differentiimg companies.

If the distributional impacts would be smaller unde footprint-based target than
under a weight-based target, the overall costs begomewhat lower. A smaller
spread in costs per manufacturer means that the cfucbst optimisations per
manufacturer is closer to the minimum average ¢egigh is obtained when sales of
all manufacturers are pooled for the cost optinosat

5 ANALYSIS OF PERVERSE INCENTIVES IN RELATION TO THE
SLOPE OF THE FOOTPRINT LIMIT FUNCTION

As stated above there are different ways in whitinarease in footprint may affect a

vehicle’s CQ emissions:

- If the wheelbase for a new model can be increastwbwut changing the length of
the vehicle footprint can be increased withoutrapact on C@emissions;

- For most models, however, a significant increaseheelbase is only possible if
it is accompanied by a similar increase in the tlergd the vehicle. This will add
weight, leading to increased g@missions. Increasing length may somewhat
reduce air drag (&), which may compensate some of the,@mission increase
resulting from increased weight.

- Increasing footprint by increasing track width rdyopossible if the vehicle width
is also increased. This will lead to an increaskantal area and a mass increase,
which both result in increased g@missions.

Annex A provides a quantitative, technical analyggishe impact of increasing width
and length on C@emissions. Table 3 below summarizes the maintsesbtained for
three typical vehicles. An analysis in Annex A lihea the mass decomposition of an
average indicates that a 10% increase in lengttidih leads to mass increase of 4 to
5%. CQ impacts are assessed for these two values toaited& bandwidth. For
details of the assessment the reader is referradrnex A.

Increasing footprint by increasing width or lengththe vehicle is rewarded if the
relative increase of C{emissions resulting from a given relative increaseidth or
length is smaller than the relative increase of @@ target for the same relative
increase in width or length. In that case increg$ootprint brings a vehicle closer to
the target line. This is illustrated in Figure 8.
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Figure 8: lllustration of the Possible Impact of &iging the Utility Value on CO
Emissions and Distance to Target
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In case in Figure 8 an increase in the value of the ytihrameter U of a given
vehicle model is realised without an increase in, @@issions. Such action can be
considered gaming if it reduces the distance tgetawithout realising a net GO
reduction or a real increase in utility. But is @agly legitimate if it increases utility
for the consumer without increasing the Le@missions. Case represents the
situation in which an increase in the value of @désompanied by an increase in O
emissions which is equal to the increase in the @@et related to theU. In this
case increasing the utility value does not bringehicle closer to the target line and
therefore does not reduce the required effort tetrtiee target. If the CQOemission
increase associated with an increase in G@,/ U) is larger than the slope of the
CO; limit function (target line), then increasing Walincreases the distance to target
and the required effort for meeting the target enms of applying technical GO
reduction measures. In other words: the possuslifor gaming as well as possible
perverse incentives for building larger and more, @@itting cars are eliminated if
the slopea of the CQ limit function is smaller than the increase in gnissions per
unit utility that is determined by the physicalatbnship between Cand U.

For the three vehicles the physical relations betw€Q and width as well as length
have been calculated. By comparing the increaseOnemission due to increase in
width or length to the increase in g@rget for the different slopes one can derive the
maximum slope values for which increasing widthlemgth is not rewarded by
reducing the distance to target.
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Table 3: Comparison of the Impact of Changing VMehwidth and Length on GO
Emissions with the Slopes of Footprint-Based Citnit Functions

Smart fortwo VW Passat| BMW X5 4.8i
scale factor length-to-mass 0.40
scale factor width-to-mass 0.40 C0O2/CO2= 0.1978 0.2835 0.2764[x I
scale factor length-to-Cw 0.05 C0O2/CO2= 0.7466 0.5998 0.6119|x w/w
scale factor length-to-mass 0.50
scale factor width-to-mass 0.50 C0O2/CO2= 0.2400 0.3502 0.3411x Il
scale factor length-to-Cw 0.05 C0O2/CO2= 0.7889 0.6665 0.6766|x wiw
slope of limit function| 120% C0O2/CO2= 1.0321 1.6281 1.1513|x fplfp
100% 0.8601 1.3567 0.9594
80% 0.6880 1.0854 0.7675
60% 0.5160 0.8140 0.5756
40% 0.3440 0.5427 0.3838
20% 0.1720 0.2713 0.1919
0% 0.0000 0.0000 0.0000

From Table 3 and the above reasoning the followomnglusions can be drawn:

Changing footprint in existing models is hardly gibte as it interferes with the
whole design of the vehicle (platform and body).n@&y or responding to
perverse incentives is thus hardly possible wiilstang models.

Changing footprint with the intention of gaming oesponding to perverse
incentives is possible with new models or modekiagrs, but there are no cheap
gaming options equivalent to the ‘brick in the Baghere footprint is concerned,
as the changes needed are more complex and astlyncreasing footprint may
well be associated with a genuine increase intytiirough a smoother ride or
greater internal space.

Increasing track width of new models always leadisitreased vehicle width, and
thus has a serious G@enalty due to increased frontal area and mass.oftion

is discouraged by slopes below 60% if one assuhmsan n% increase in width
leads to an n% increase in frontal area. If mariufacs can realise an increased
width in combination with a reduction in height (veéhmeeting all other customer
requirements, which at the moment tend to go fghéi vehicles) the slope would
need to be smaller.

Increasing the wheelbase of new models may to sextent be done without
increasing overall vehicle length and thus withG@ penalty. There is no ‘safe’
slope percentage for the limit function that caavent this type of gaming, but
owing to recent trends in car design it is belietteat the scope for pursuing this
option further is now very limited. The issue of etter such increase in
wheelbase interferes with driveability, vehicle tiamg and safety is beyond the
scope of this analysis.

One may expect, however, that for most vehicle fsodereasing wheelbase
does require increasing vehicle length, in whickectne additional mass involved
gives a CQ penalty. This is only discouraged by slope perages below 20%. If
the impact of increased length on the air drag fmeft C, is higher than
assumed the required slope percentage may be ewen. IHowever, it has been
argued above that such changes can only be ach#ssvpdrt of a more complex
vehicle design involving significant cost, so itnist considered necessary to have
a slope flat enough to eliminate such perversenives completely.

For footprint the slope percentage at which peevengentives are eliminated thus
tends to be smaller than for weight. The other sidde coin in this case, however, is
that a given relative increase in footprint leagtotver additional C@emissions than
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the same relative increase in weight, so that ggraimd perverse trends related to
footprint have a smaller environmental impact thrathe case of weight.

Also it is always desirable on environmental graurnd have a slope of less than
100% for any utility parameter, to discourage dtdawards ever-larger and more
luxurious vehicles which would have negative ££@nd resource implications.
Therefore it is concluded that a slope of aroun& @ppears technically most suitable
for use with the footprint-based utility parametitie exact choice of value is likely to
involve a political judgement based on the distitmal impacts of the choice of
slope.

It has been argued that nothing beyond a very llmpesvalue could completely
eliminate perverse incentives to increase footpastwith any other utility parameter.
But at a given slope percentage the size of thigntive is believed to be much
smaller with footprint than with weight as utiliparameter.

Also, it is not necessary to eliminate such incasgtialtogether. Provision has been
made in the draft Regulation to adjust the utilitynction in future years to
compensate for any upward drift in utility (ie wieign the proposal as it stands), in
order to ensure that the 130 g/km target is stdt sven if average weight does drift
upwards. This would compensate for any increase@nage vehicle weight, whether
this reflects a continuation of the autonomous upv&hift in weight of recent years,
or a specific result of perverse incentives in sape of the utility function. For
footprint there has also been an upward trend tiéstity, and there may also be some
perverse incentives in what is proposed here; bubadth cases these effects are
believed to be smaller for footprint than for vdaieveight, and so the necessary
adjustment should also be smaller and easier mnamodate.

6 CONCLUSIONS FROM ANALYSIS OF FOOTPRINT DATA

Since the time that the Impact Assessment was @iethl we have been able to
acquire several different data sources that contdiable data on footprint, and we
have now been able to extend our analysis to caveotprint-based utility function
based on these. Our main conclusions are as fallows

- It has been possible to approximate the footpratador all fleet sales in 2006 in
great detail and with a high level of accuracy.sThas allowed the definition of
footprint-based limit functions and the analysisdadtance to target for different
manufacturers.

- Technical analysis suggests that footprint perfoan&ast as well as weight or
pan area as a possible utility function, and iresgMmportant respects, better.

- Using weight as a utility function does exclude reduce the incentive for
deploying weight reduction techniques to cut@&missions. In the short term this
is unlikely to have a significant impact on the tcokmeeting targets, but it could
significantly increase (by up to 10%) the costarfyer reductions in emissions in
the medium to long term. Using footprint avoidsstproblem.

- Footprint is not necessarily better than weighthwiespect to avoiding all
possibilities of perverse incentives, but the dases of cheap gaming options
are much reduced. In fact the possible impact @inghng footprint on C@is
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weaker than that for mass and as a consequence ribeprovide a better
threshold against gaming or perverse incentives thahe case for mass. But the
scale of the perverse incentives appears muclatesslity can only be increased
by effectively increasing the size of the vehiclath all the cost and complexity
that that entails, and resulting in what is essdlgtia different vehicle. Also,
incremental increases in footprint result in praporately smaller increases in
CO, emissions than increases in weight, so the adwargeonmental impact is
less.

On balance the slope of the limit function that sloet excessively reward
gaming and does not create significant perverseninges for selling bigger cars
is considered to be around 60%, although the prediice of slope value is in
the end a political judgement.

A footprint-based utility function has now been dBped, and the CQOeduction
values required per manufacturer to meet a 130¢#kget have been successfully
generated and presented for a range of slope asismsip

Comparison of distance to target for a mass-basddaafootprint-based utility
target indicates a similar distribution of efforbetween the main holding
companies, but the footprint-based function is fgssitive to the slope chosen.

Our analysis also suggests that the overall coasiofg the footprint-based utility
function would not be larger than that for a weibhsed system as the overall
effort required is the same. As a footprint-basgstesn fully rewards weight
reduction as a measure to reduce, @@ission, the cost for meeting future targets
may even be lower than for a weight-based systemy Aifferences in
distributional impact would be similar to the chaagredicted in the distance to
target for individual holding companies. The overdlstributions of CQ
reduction efforts and associated costs, howevek Very similar for weight and
for footprint.
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ANNEX A
Impact of change in footprint on CO, emissions of passenger cars
Technical note

Maurice Snoeren — TNO Automotive
Richard Smokers — CE Delft

Introduction

There are different ways in which an increase wtgant (product of wheelbase and

track width) may affect a vehicle’s G@missions:

- If the wheelbase for a new model can be increastwbwt changing the length of
the vehicle footprint can be increased withoutrapact on C@emissions;

- If increasing the wheelbase is accompanied by arease in vehicle length this
will add weight, leading to increased ¢@missions. Increasing length may
somewhat reduce air drag{)Cwhich may compensate some of the,@@ission
increase resulting from increased weight.

- Increasing footprint by increasing track width idyopossible of also the vehicle
width is increased. This will lead to an increasefrontal area and a mass
increase, which both result in increased,@@issions.

This annex examines the possible impacts on the €Xssion of a passenger car
resulting from a change in its footprint which campanied by a change in overall
width and/or length of the vehicle — ie the secand third of the three cases set out
above. The first case is believed to be of limitelkvance because recent trends in
vehicle design have greatly reduced the scopertifdumoves in this direction.

A relationship between the change of £émissions resulting from a change in
footprint is necessary to determine the slope tdadprint-based C®limit function
which does not create perverse incentives for iedube required efforts for meeting
the CQ target by increasing the footprint. As the anaysicuses on the effects of
changing width and length it is equally valid fasassing the impact of increasing
pan area (length x width) on GO

When footprint is used as a utility parameter fatiity-based CQ limit function, the
incentive for changing footprint as a means toease the COlimit and reduce the
required effort to meet that limit is expected ® less than for the case of using
weight or pan area (length x width). For the maaotufeer it is generally more difficult
to change the wheel base or track width than itoishange mass or pan area,
especially on existing vehicle models. This is lseathe footprint parameters are
strongly correlated to vehicle design and to thafoot and stability of the vehicle.

In this annex we analyze the influence of a chang®otprint on the extra energy
that is needed to power the vehicle over the NEB€E tycle. Under assumptions
regarding possible scaling of the engine this amdlated into an estimate of the
impact of changes in footprint on G@missions.
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Influence on vehicle parameters when footprint chages

An increase in vehicle weight has a direct impactfoel consumption and GO
emissions through an increase in the power requicedacceleration and nhill
climbing, and through an increase in the rollingiseance (see equation 1). The
impact of increased required driving power on ftaisumption and C{emissions is
somewhat indirect as is depends on the extent tohmthe engine power is adjusted
to maintain vehicle performance and the sensitigitghe average engine efficiency
over the NEDC cycle to a change in engine loads.

The impact of a change in footprint is more indiréootprint is changed by changing
the track width and/or the wheel base of the vehicicreasing the track width will be
accompanied by an increase in vehicle width. Thikimcrease the vehicle’s frontal
area, leading to an increase in air drag. Makimgvishicle wider will in principle also
require more material for the vehicle body, so #raincrease in track width will also
lead to an increase in weight. Changing the whasélmay also influence the air drag
and vehicle weight. Both impacts depend on the néxte which an increased
wheelbase also leads to an increase in vehicleleng

The wheelbase of modern vehicles has already isedeaignificantly over the last
decades relative to pan area, accompanied by atredun front and rear overhang.
In other words, footprint and pan area have corackrdf is therefore reasonable to
assume that further increase in wheelbase is d&nevaly possible if it is
accompanied by an increase in vehicle length.

In principle, changing the length of a vehicle whihaintaining the overall shape
leads to a reduction in the air drag coefficiegt EBowever, as the drag coefficient
depends on a lot of other vehicle parameters, itifScult to make an exact
correlation to vehicle length.

Based on the above it is assumed for the analysigs paper that a relative change in
footprint leads to an equal relative change in gheduct of width and length (pan
area). The impact of footprint on GGan then be examined by studying the impact of
width and length on CO

In the paragraphs below the impacts on,@missions are analysed of changes in
mass, frontal area and drag coefficiegtr€sulting from changing the width or length
of the vehicle. The analysis is equally valid footprint and for pan area, as it is
assumed that a change in footprint is now only iptessn most cases by an
equivalent change in pan area. The analysis isdbasethe physical relationship
between footprint and GOIt should not be based on the statistical retstigp that
can be derived from databases with vehicles onntlagket as in general larger
vehicles emit disproportionately more €®ecause they also tend to have better
performance (i.e. higher power-to-weight ratio)rtlsanall cars.
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Vehicle lateral dynamics

The lateral vehicle dynamics can be described ley fillowing equation (force
balance):

F= I:acc + Fair + I:roII + I:grade = ma+%>cw XAXr Wz + frmgC()ia) + mgSin(a) (1)

For the case of the NEDC test cycle the last tegmadjent) can be neglected because
there is no hill-climbing component in the testisleasily seen that the maaof the
vehicle influences most of the force resistancesepgt the air resistance. Weight has
a strong relationship with the required engine poaed the CQ@ emissions. As
explained above, a change of the footprint inflesnthe weight and the air drag
resistance of the vehicle. Unlike weight changereafore, the change of footprint will
thus influence all parts of the equation and faatpchanges will affect the fuel
consumption and the G@missions.

Integrating formula (1) over thgt) pattern of the NEDC cycle yields the total energy
required at the wheels for driving the type applteest. Assuming an average engine
efficiency over the NEDC cycle the energy at theeell can be translated into fuel
consumption and resulting GGmissions. Such assumption of constant average
engine efficiency is consistent with the assumptadnconstant performance. If
changes to the vehicle design lead to higher enangypower demands, the engine
power will have to be increased to maintain perfmmoe. A more detailed analysis,
for this and for other assumptions of what happenengine power if other utility
parameters are changed, would require detailed pwaie simulations, but these are
considered unnecessary for the purpose of thisysisalThat is, it is necessary to
assume an adjustment in engine power to maintaforpgance, but other parameters
are held constant to give results ocegeris paribudasis.

Impact of changes in width on frontal area

It is assumed that frontal area changes propottiot@athe vehicle width, i.e. a 10%
increase in width leads to a 10% increase in flar@aA. This is because there is no
strong reason to assume that a change in vehightrshould accompany a change in
width.

Impact of changes in length on ¢

For the moment we do not have a mathematical ogldietween vehicle length and
Cw- In the analysis below it is assumed conservatitleht a 10% increase in length
leads to a 0.5% decrease in the valuepf C

Impact of changes in length and width on mass

The table below shows a breakdown of the vehiclssrato contributions from
different parts of the vehicle. When the width endth of a vehicle is increased not
all parts are affected in the same way. Some peiitsemain unaltered while the
mass of other parts will increase to different eidelt is assumed that the mass of the
body-in-white scales proportionally with width atehgth, but that e.g. closures,
glazing, interior and suspension change less tmepoptionally. Scaling factors are
based on expert judgement. The scaling factor fagine mass is derived from
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calculation of the maximum required power over HeDC s with formula (1) and
assuming that the total engine power is changegaptional to that in order to
maintain overall performance.

share in| part of mass that changes with

vehicle mass width length

BIW 23% 1.0 1.0
closures 7% 0.0 1.0
glass/trim/hardware 6% 0.5 0.5
interior 10% 0.3 0.2
electrical 4% 0.0 0.0
fluids 5% 0.0 0.0
power unit 17% 0.8 0.3
suspension 12% 0.2 0.1
wheels/tyres 6% 0.0 0.0
steering/brakes 3% 0.0 0.0
fuel/exhaust 6% 0.0 0.0
100% 46% 42%

The above back-of-the-envelope analysis indicates & 10% change in width or

length (or equivalently in pan area or footprinbder assumption that this can only be
changed if also pan area is changed) leads tae%tchange in vehicle mass. This
relation can be used to adapt the mass in equattormodel the impacts of changes
in length and width. In the analysis presented weddferent values for the scaling

factors between length and width respectively armgstwill be used to analyse the
bandwidth.

Comparing the effect of changing footprint on CQ to the footprint based CQ
limit function

Using the above relationships between length, widitbntal area, ¢ and mass,
equation (1) can be used to quantify the impachahges in length and width on €0
emissions for a number of typical vehicles. Caltofes have been made using
variations on the actual values for the variousialehparameters. The table below
shows the results for different sets of assumpt{snsnarios A to E) regarding these
relationships. The variant cases are as follows:

- A: models the effects of changing length and widtlC&, through the change in
Cwand frontal area respectively, but assumes thatggsain length and width do
not lead to a change in vehicle mass;

- B: models the effects of changing length and widtlC&» assuming that a 10%
change in length and width each leads to a 4% @hamgehicle mass;

- C: models the effects of changing length and widtlC&, assuming that a 10%
change in length and width each leads to a 5% @hamgehicle mass;

- D: models the effects of changing length and widtltC&, assuming that a 10%
change in length and width each leads to a 10%gghamvehicle mass;

- E: models the effects of changing length and widtlC&, assuming that:

0 a 10% change in length or width leads to a 10% gham vehicle
mass;
o length does not affect,Cand width does not affect A.
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case Smart fortwo VW Passat| BMW X5 4.8i
scale factor length-to-mass 0.00
A scale factor width-to-mass 0.00 C0O2/CO2= 0.0289 0.0166 0.0177|x I
scale factor length-to-Cw 0.05 CO2/CO2= 0.5777 0.3329 0.3532|x  wiw
scale factor length-to-mass 0.40
B scale factor width-to-mass 0.40 C0O2/CO2= 0.1978 0.2835 0.2764|x I
scale factor length-to-Cw 0.05 CO2/CO2= 0.7466 0.5998 0.61191x  wiw
scale factor length-to-mass 0.50
C scale factor width-to-mass 0.50 C0O2/CO2= 0.2400 0.3502 0.3411|x 1IN
scale factor length-to-Cw 0.05 CO2/CO2= 0.7889 0.6665 0.6766]x wiw
scale factor length-to-mass 1.00
D scale factor width-to-mass 1.00 C0O2/CO2= 0.4512 0.6837 0.6645|x I/
scale factor length-to-Cw 0.05 CO2/CO2= 1.0000 1.0000 1.0000{x w/w
scale factor length-to-mass 1.00
E scale factor width-to-mass 1.00 C0O2/CO2= 0.4223 0.6671 0.6468|x
scale factor length-to-Cw 0.00 C0O2/CO2= 0.4223 0.6671 0.6468]x wiw
frontal area kept constant
slope of limit function| 120% CO2/CO2= 1.0321 1.6281 1.1513|x fp/fp
100% 0.8601 1.3567 0.9594
80% 0.6880 1.0854 0.7675
60% 0.5160 0.8140 0.5756
40% 0.3440 0.5427 0.3838
20% 0.1720 0.2713 0.1919
0% 0.0000 0.0000 0.0000

Results for CQ@ are valid under the assumption that a relativengbain the
propulsion energy required at the wheels leadsntequal relative change in GO
emissions. For each scenario physical relationwdet the relative change of length
and width and the relative change of {gnissions have been determined. These are
compared to the relations between the relative gharf footprint and the relative
change of C@emissions as given by the footprint-based limiictions derived in the
main document.

Cases B and C present a realistic bandwidth fointipacts of changes in footprint /
pan area on mass. Cases A and D are extreme wdskescase E provides a gauging
with the relation between mass and X3 used in previous studies. The relationships
between CQ and length and width respectively in case E ateetyn based on the
impact of mass on COExcept for the relatively small Smart car thimtienships is
very well in line with the formula CO,/CO, = 0.65 m/m as used in [TNO 2006]
and [IEEP 2008].

Because of the assumed relatively week relatiowdsst length and fthe impact on
CO, of changing width is much stronger than the immdchanging length.

A utility-based limit function creates perverse entives when an increase in the
value of the utility parameter reduces the distarceéarget (and thus reduces the
required CQ reduction effort) without leading to actual g€@duction. In relation to
the table above this means that the slope of thi¢ flunction must be smaller than the
slope of the physical relation between the utpisyameter and CO
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Conclusions

Under the assumption that a relative change irptbpulsion energy required at the
wheels leads to an equal relative change in @@issions it can be conclude that the
slope of the footprint-based limit function shoulot exceed 20 to 30% if one wants
to avoid gaming by increasing the length of theicleh Gaming by changing the
width of the vehicle reduces the distance to taigeslopes over 60%.

If manufacturers increase vehicle size (length emavidth) without adapting the
engine power to maintain performance the impaanas$s increase on G®ecomes
weaker. In Technical Note 4 of [IEEP 2008] it i©®m that for this case the relation
between C@ and mass may beCO,/CO, = 0.35 m/m. In this case the footprint-
based limit function would need an even flattepslto remain below the slope of the
physical relation between footprint and £ the case of a mass-based limit this
“brick-in-the-boot” gaming option may be very cheapd can be realised in existing
vehicles. It should be noted that the equivalenioopof changing footprint on
existing vehicles is hardly possible, while it Is&d significant costs on new vehicles
if the vehicle dimensions need to be adapted tmadin increase in footprint.

The exact slope at which increasing footprint bringehicle closer to the target line
depends strongly on vehicle size and on vehiclpeshanodel.

The above analysis assumes that especially wheelsss already been stretched to
the limit over the past decade, so that increasihgelbase is not possible without
increasing vehicle length. For an increase in traictkh always an increase in vehicle
width is necessary. For those cases, however, ichwootprint can be changed
without increasing especially the length of the iglehthe impact on COwill be
negligible.

All in all it appears that the possible impact bfnging footprint on C@is weaker
than that for mass and as a consequence doesedfeciot provide a better threshold
against gaming than is the case for mass. The mamisiope of the limit function
that does not reward gaming appears to be lowaer ithdahe case of a mass-based
limit function. On the other hand this means thgiven relative increase in footprint
leads to lower additional GCemissions than the same relative increase in Wwesgh
that gaming and perverse trends related to fodtpr@ave a smaller environmental
impact than in the case of weight.
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