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Executive Summary

Introduction

Context of the study

In December 2008 the European Parliament and Council reached an agreement through a co-
decision procedure on the details of the CO, legislation for passenger cars, laid down in Regulation
No 443/2009". Besides the target of 130 g/km for 2015 and details of the way it is implemented,
Regulation No 443/2009 also specifies a target for the new car fleet of 95 g/km for the year 2020. In
Article 13 of the Regulation it is stated that a review would be carried out by the European
Commission no later than the beginning of 2013 in order to define the modalities of reaching this long
term target. The support for this review is carried out within the Framework Contract on Vehicle
Emissions by TNO, in association with AEA, CE Delft, Okopol, Ricardo, TML and IHS Global Insight
(Reference ENV.C.3/FRA/2009/0043). This report presents results of an evaluation of different
modalities for implementing the 95 g/km target as well as an assessment of the costs for meeting this
target.

Structure of the work
Work in this project was organised in the following tasks:
Task 1  Cost and potential of CO, reduction options for 2020 and further, involving assessment of

manufacturer costs and reduction potentials of CO, reducing technologies for the longer
term, construction of cost curves, assessment of current state-of-the-art technologies and

a review of manufacturersd modelngforthefarget. t 0 asses

Task 2  Alternative utility parameters, involving consolidation of new vehicle sales database,
detailed evaluation of footprint as an alternative to mass as utility parameter and a more
general evaluation of other parameters for this purpose.

Task 3  Modalities for 95 g/km in 2020, containing a preliminary evaluation of options for
modalities, an update of the cost assessment model for passenger cars and an
assessment of average additional vehicle costs per manufacturers for manufacturer-based
modalities. In addition this Task contains an assessment of the impacts of an additional
vehicle-based CO, limit and of possibilities for a combined target for passenger cars and
vans. Based on the results of these assessments proposals are developed for favourable
modalities.

Task 4 Investigation of further aspects, looking at consequences of several possible additional
provisions in the definition of the 2020 target, including a stepwise approach to the target,
banking and borrowing, and mileage weighting. This task furthermore explores impacts of
the legislation through CO, emissions of various life-cycle aspects, and of rebound effects
resulting from reduced driving costs.

Task 5 Best available technologies in 2007, a review based on analysis of IHS databases,
providing input to the definition of provisions for derogation in the present legislation,
specifically the derogation of new market entrants selling between 10,000 and 300,000
vehicles in 2015. Results have been reported to the European Commission in a separate
report.

Evaluation of modalities for implementing the 95 g/km

target

Description of main elements of the modalities

The impacts of the 95 g/km target are not only determined by the target level, but also by various

aspects of the way in which the target is implemented. These modalities can be chosen to meet

additional goals with respect to e.g. minimizing additional manufacturer costs for reaching the target,

! REGULATION (EC) No 443/2009 OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 23 April 2009 setting emission

performance standards for new passenger cars as po@emissiomsfromtlighedutC o mmuni t yds i

vehicles, see: http://ec.europa.eu/environment/air/transport/co2/co2_home.htm
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a fair distribution of the burden over different car manufacturers, allowing higher emissions for cars
with a higher utility, and avoiding perverse incentives. The main modalities that can be adopted are:

1 the obligated entities to which the CO, targets apply;

1 the geographical area for which sold cars are taken into account;

1 application of a utility-based limit function, including choices with respect to the utility parameter
to be used and the shape of the limit function;

1 penalties or excess premiums.

Options for additional provisions include e.g. a stepwise approach using annually decreasing targets
between 2015 and 2020, an additional vehicle-based limit, and super credits for low-emitting
vehicles.

Results of qualitative comparison of utility parameters

In Regulation No 443/2009 indicated that it would consider footprint as an alternative to mass for the
utility parameter to be used for the 2020 target. Footprint could not be considered for the 2015 target
due to the lack of available data from the Monitoring Mechanism. By now the Monitoring Mechanism
has been amended to include footprint. In this project the scope for the evaluation of possible utility
parameters was broadened by means of a preliminary assessment of a long-list of options. Criteria
for the evaluation included measurability, objectivity of the measurement, possibilities / incentives for
gaming®, correlation with CO, emissions, relation with CO, reduction options, and use in CO,
legislation in other regions.

Based on this review of possible utility parameters it was concluded that reference mass, footprint
and footprint x height are the most promising candidates. Of these footprint x height was not further
assessed mainly because it rewards higher vehicles such as SUVs. The most important advantages
and disadvantages of mass and footprint are listed in Table 1 and Table 2.

Table 1 Pros and cons of reference mass as utility parameter

Reference mass

Pros Cons

Easily / objectively measured Not a direct measure of utility

Accepted by industry (continuity with current legislation) Possibilities for gaming depend on slope of limit function

Good correlation with CO, emissions Easy options for gaming: i B
Makes weight reduction as CO, reduction measure much
less attractive

Table 2 Pros and cons of footprint as utility parameter

Footprint

Pros Cons

Easily / objectively measured Relatively tough on compact / high cars (e.g. MPVs)
Gaming is considered relatively difficult due to required

changes in structural design of vehicle and associated May promote tendency towards larger cars unless
consequences for mass and vehicle CO, emissions compensated for such autonomous footprint increase
Better proxy for utility than mass

Used in US legislation

Good correlation with CO, emissions

Pan area (length x width) and wheelbase were discarded as options for the reason that footprint is
superior with respect to all criteria. Utility parameters based on number of seats and trunk volume
would be the most true measure of Autilityo,
correlation with CO, and provide many possibilities for gaming. Payload was discarded because it is
a declared value rather than a measured value and because of poor correlation with CO,. Utility
parameters based on number of seats, trunk volume and payload combine the disadvantages of all
three. Price was discarded because it is not a measure of functional utility, has a very uneven

2i.e. bringing a vehicle closer to its target by changing the value of the utility rather than applying CO, reducing measures
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distribution around its average value, can not be objectively measured or verified. Furthermore it
promotes gaming and gives credit to high performance cars.

The advantages of reference mass are that it can be objectively measured, is accepted by industry
and has good correlation with CO,. It is however a relatively poor measure of utility (in the sense that
buyers will never buy a vehicle for its mass), it provides some room for gaming (but this can be
compensated by choosing an appropriate slope for the limit function) and it makes weight reduction
less attractive as a CO, reduction measure. Footprint can also be objectively measured, is a better
proxy for utility than mass, is used in the US legislation, has good correlation with CO,, and is
considered to offer less opportunity for gaming. Possible disadvantages are that it might lead to
relatively tough targets for compact / high cars (e.g. MPVs) and that it may promote a tendency
towards larger cars.

Comparing the different pros and cons for mass and footprint the conclusion is that this preliminary
evaluation did not identify a clear favourite. The main arguments for maintaining mass as utility
parameter would be its acceptance by industry and the general desire to keep definitions for the
2020 as much as possible the same as for the 2015 target. The main arguments in favour of footprint
are that it is a better proxy for the true utility of the vehicle and that it fully rewards the benefits of
weight reduction as a CO, reducing option. The latter is relevant as advanced levels of weight
reduction will be an increasingly important option for meeting targets for 2020 and beyond.

Results with respect to the utility-based limit function

In the current legislation a utility-based limit function is used to specify emission targets per vehicle
depending on its utility value. Manufacturer targets are defined by sales-weighted averaging over the
emission targets for all vehicles (models and variants) sold in the EU-27. The 130 g/km target for
2015 is implemented using a linear limit function.

The linear limit function will always go through the point defined by the average utility and the CO,
target value. Starting point for determining the limit function for 2020 has been a sales-weighted least
squares fit through the (utility value ,CO, emission) points for all vehicles included in a 2009 sales
database. The limit function with so-called 100% slope is then defined by applying a constant
reduction percentage to all points on this line, with the reduction equal to the relative difference
between the 2009 sales-weighted average CO, value and the 2020 target of 95 g/km. Subsequently
the slope can be varied by pivoting around the point defined by average utility and the CO, target
value. This can be done to reduce incentives for gaming as well as for changing the impact of the
target on smaller and larger vehicles. Lines with alternative slopes are identified by means of the
ratio (expressed as x%) between the slope of the limit function and that of the 100% line defined as
indicated above. This slope value can have a significant effect on the additional manufacturer costs
and distributional impacts, and is therefore taken into account in the detailed cost assessment.

For the 2020 target besides the linear limit function two other variants have been considered:
1 truncated linear limit functions with a floor and / or ceiling
A i.e. linear sloped line targets with horizontal cut-offs at the upper and / or the lower end:
1 non-linear limit functions
A smoothened variants of the truncated Il inear [
l ogistico function used in the i nemssiansfoppr oposa

light-duty vehicles

The motivation for truncating the limit function would be e.g. to reflect possible flattening of the
correlation between utility and CO, or to reduce the burden for small vehicles resp. limit the credits
that large vehicles get for increasing utility. If a floor or ceiling is to affect a significant humber of
vehicles it has to intercept the linear limit function at a utility value that is well within the bandwidth
defined by the cloud of data points identifying vehicles sold in 2009. From analysing the position of
the limit function with 100% slope relative to the cloud of data points it has become apparent that in
the European market situation floors and ceilings of non-linear limit functions do not have significant
impacts unless they are set at unreasonable levels (> 80 g/km for the floor and < 140 g/km for the
ceiling in order for each to affect 5% of the new vehicle fleet).

Since the non-linear curves ought to be based on the linear curves with cut-off, the same conclusions
were drawn for the continuous limit functions with floors and / or ceilings. Conclusively, these types of

m }g?ﬁ;’:ﬁ"" Framework Contract on Vehicle Emissions 5
ENV.C.3/FRA/2009/0043, Service Request #1



) " GLOBAL = , TRANSPORT & MOBILITY
T™NO ;o IR (@) soen cepert _SKEpol 3 AEA

limit functions can be considered to be interesting theoretical concepts, but are proven to provide no
practical benefits in the European situation.

Conclusions with respect to other elements of the modalities

Obligated entities under the present regulation are manufacturer groups®. The geographical scope is
the EU 27. Based on experience with the present regulation it is concluded that there are no reasons
to changes either the regulated entities or the geographical area for the 2020 target.

In order for penalties (or excess premiums) to serve as a mechanism to enforce compliance the level

of the penalty in 0 per g/ km exceedance should be st
last g/km reduction that is needed for meeting the target. This way penalties may also serve as a

buy-out premium for manufacturers that are temporarily not able to meet their target. Estimates for

the marginal costs for meeting 95 g/km are produced by the cost assessment model of which the

results are discussed further on.

Selection of utility parameters / modalities for the detailed cost assessment

Based on the above, and in close consultation with the European Commission services, reference
mass and footprint were selected as the utility parameters for which a detailed assessments of cost
and distributional impacts was to be carried out. For both options only linear limit functions with
different slopes are considered.

Cost curves for CO; reduction in passenger cars in 2020

Creation of cost curves for passenger cars in 2020

Starting point for the creation of cost curves, describing the additional manufacturer costs for
achieving increasing levels of CO, reduction in different vehicle segments, was the collection of
information on cost and reduction potentials of individual CO, reducing technologies. These
technologies include various measures to improve engine efficiency, such as reduced friction, direct
injection, various levels of engine downsizing and variable valve timing and actuation. In addition
options for more efficient transmissions are included, as well as engine start-stop and various
degrees of hybridisation, weight reduction, improved aerodynamics, low rolling resistance tyres, and
improvements in ancillary systems and auxiliaries. Costs and reduction potentials are defined relative
to 2002 baseline vehicles. The year 2002 was selected as baseline year because none of these
technologies were applied at any significant scale yet in that year. The cost assessment model
contains 2002 data for all manufacturers included in the analysis.

Data were collected from literature, in-house expertise and through questionnaires sent out to
manufacturers and component suppliers as well as their European associations. Based on an
evaluation of the different inputs, technology tables were constructed with selected values for costs
and reduction potentials of different technologies, specified separately for 6 vehicle segments (small,
medium-size and large vehicles on petrol resp. diesel).

Subsequently, by combining options that are technically compatible into packages of measures, a

large number of possible technology packages were identified, each with a different overall CO,

reduction potential and different overall costs. Cost curves can then be created by consecutively

selecting the most cost-effective packages that enable increasing levels of CO, reduction. In drawing

the cost curves a fisafety margind is taken into acc
the CO,; reduction potentials of individual measures will often lead to overestimation of the overall

CO,, reduction potential of the complete package. This is because some measures partly overlap in

their impact as they have an effect on the same source of energy loss. As examples the resulting

cost curves for medium-size petrol and diesel cars are described by the green lines in Figure 1.

Scenario variants for the cost curves

In the course of the study two issues arose that justified critical evaluation of the cost curves as
generated using the methodology described above. These issues are:

®manufacturergroup=6a group of connee taednufacanenarhdisconmacted uadértakingsd
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1 Observed progress in CO, reduction in European new passenger car fleet in the 2002-2009
period

A In the last decade CO, emissions of new passenger cars have decreased significantly.
At the same time vehicle prices have not increased. This could be interpreted as an
indication that part of the observed reductions in type approval CO, emissions over the
last years may need to be attributed to other causes than application of technologies that
are included in the cost curves used to assess the costs of meeting the targets for 2015
and 2020.

A These other causes may include CO, reduction due to small technical improvements that
are not mentioned in technical specifications of vehicles and are not included in the cost
curves developed in this project and previous studies, effects of optimising the
powertrain calibration by improving trade-offs against other parameters, and the
possible utilization of flexibilities in the test procedure.

1 Technical data becoming available from EPA studies in support of the US legislation on CO,
emissions from light duty vehicles

A These data seem to suggest that the costs of reducing CO, emissions in passenger cars
could be lower than estimated in this study.

In the context of this study, and given the limited availability of necessary information, both issues
could not be dealt with in detail. In order to obtain an indicative insight in the possible implication of
these issues, however, it has been considered useful to develop indicative cost curves for three
different scenario variants that can be used to perform a sensitivity analysis with the cost assessment
model. The scenario variants are:

a) Alternative accounting for progress observed in the 2002-2009 period

A A variant including an additional reduction step based on the assumption that a given
share of the reductions achieved in the 2002-2009 period can not be attributed to
application of technologies that are included in the technology tables underlying the cost
curves.

A The assessment model used in this study is based on cost curves defined relative to
2002 baseline vehicles and attributes reductions in CO, emissions observed between
2002 and 2009 (most recent database used to describe the current situation) to the use
of a part of the reduction potential described by the cost curves. Due to the strong non-
linearity of the cost curves the possibility that other causes may be responsible for the
observed reductions between 2002 and 2009 could have a significant impact on the
assessment of cost for moving from the 2009 values to the 2020 target values.

A For the size of the additional reduction step 10% was assumed for petrol vehicles and
9% for diesels. These values were estimated on the basis of a detailed comparison of 12
vehicle models sold in 2002 and 2010 and identification of the headline CO,-reducing
technologies used in the 2010 vehicles.

b) Alternative cost curves based on a modified technology table

A An evaluation of available results from the EPA studies in support of the US CO, target
for passenger cars provided strong indications that the costs for meeting the European
95 g/km target for 2020 could be lower than the estimates based on the cost curves from
this study. Due to large differences in technology definitions, baseline vehicles and drive
cycles, however, the direct use of EPA data for the European assessment was
considered not appropriate.

A To test the possible impact of the most striking differences between US data and cost
and reduction figures used in this study a selection of data on cost and reduction
potential derived from the EPA studies, specifically for full hybrids and the various levels
of weight reduction, has been used to construct a modified technology table. Alternative
cost curves have been constructed on the basis of this table.

A This variant is created to allow an indicative assessment of the possible implications that
information from EPA studies underlying the US CO, legislation for cars might have for
assessment of the costs of meeting the European target for 2020.

c¢) Combination of a) and b)
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The resulting cost curves for medium-size petrol and diesel cars are presented in Figure 1 and
compared to the original cost curves from this study. Around 40% reduction scenario a) and b) both
provide a cost reduction of or dhe origimalfcostrcarges.ilntthatd e G4 50
region scenario c¢c) predicts costs that are another 0
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Figure 1 Cost curves for CO; emission reduction in medium size petrol and diesel vehicles in 2020, relative

to 2002 baseline vehicles, and comparison with cost curve variants for scenarios a), b) and c).

Assessments with respect to the attainability of the 2020
target

Current state-of-the-art technologies for passenger cars

Many technologies indicated in the tables underlying the cost curves are already applied in the

market today, especially in so-c al | ednofiled @ 0 . A review has been carri
analyse the lowest emitting vehicles currently on the market or close to market introduction in the B-,
C-andD-segments, in order to ar roftheearatd a ercehanloil sotgiyc afau r

levels. For these vehicles technologies used to reduce CO, emissions were identified and their
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contribution to the achieved CO, emission levels was estimated. Price differences between these
feenmdel sd0 and comparable base models were compared
technologies.

In the compardtsamd ebreddveaemd 66ecod6 model s, the,overall
emissions and the increase in price show strong variations between different brands / models. The
price differential for 6ecod model s -and C-segmegt® i N s O

possibly as a result of pricing strategies justifiec
fuel saving and other financial benefits (e.g. reduced vehicle tax and traffic charging incentives). In

other cases the price differential is small or zero. Thus the extent to which costs are passed on to

customers is not clear from this analysis.

In many cases, the estimated additional costs to the manufacturer appear to be much smaller than

the additional price charged to the consumer, suggesting additional profit is generated on these

models. However, the analysis performed takes no account of engineering costs, which on a per-
vehicle basis could be significant for O6ecod6 variant
more significant in the case of more radical technologies such as those featured in the hybrid

vehicles considered.

Also the values for reductions are often found not to match well with the estimated total for the

technologies identified as being featured. This is not surprising, for a number of reasons. The

analysis assumes a baseline specification which may not exactly apply for each model and

manufacturer 7 i . e . the 6éstandar doé vehi cjredadion patentiallvarias f t echn
from case to case. Also the benefit extracted by the manufacturer from each technology may not be

the maximum potential benefit, due to limiting factors specific to the particular model or for cost
reasons, and not al |l technol ogi es appthe iefamatiom 6 ec o d
available. In this context it should be noted that the optimisation of fuel consumption and CO,

emissions is a complex process in which the most significant gains can be achieved only if the
implementation of headline technologies is accompanied by other incremental improvements in many

different systems and components. The CO, reduction potential and limits of such detailed

refinements will vary significantly from vehicle to vehicle.

Evaluation of model cycles

Model cycles of mainstream car models from different manufacturers and different market segments
have been investigated to assess the impacts of their timing on the feasibility of the 95g/km target in
2020. The product development process is found to vary from 18 months to up to 5 years depending
on whether an OEM is applying an existing technology to a new application or developing and
implementing a new technology. The key factors which affect the lead times in the product
development process are the level of change required (e.g. clean sheet design vs. major upgrade vs.
minor upgrade) and collaboration, platform sharing, joint ventures and trading. OEMs will plan cycles
of vehicle and powertrain development which indicate when vehicle models / engines will be
upgraded/refreshed/replaced etc. These plans usually span up to 10 years but will be more detailed
for the first 5 years in terms of capital investment and resourcing requirements. The key factors which
affect cycle plans are budget, resource and economic constraints.

For the OEMs, selected vehicle models and engine platforms analysed in this study the following

conclusions could be drawn:

1 On average vehicle models have a platform change every 6 i 8 years and are refreshed with a
face-lift between 2-4 years after a platform change.

1 Engine platforms have a long lifespan, typically 10 i 15 years but during that time will have minor
or major upgrades and additional variants added. There is no typical timing pattern for the
introduction of new variants or upgrades (it is dependent on the OEM and engine platform) but in
general minor upgrades/variants to engine platforms are added fairly frequently (e.g. higher
power variant) and major upgrades/variants added less frequently occurring anywhere from 3 to
7 years (e.g. a turbocharged variant of a naturally aspirated gasoline engine).

1 Vehicle platform changes / facelifts and engine variants / upgrades are staggered so that
changes to all vehicle models or all engine platforms are not all made within the same year.

1 There is a relatively good degree of fit between the engine cycle plans and the planned
introduction dates for noxious emissions (Euro 5 and Euro 6).

m ;g?ﬁ;’:ﬁ‘?" Framework Contract on Vehicle Emissions 9
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1 There is no distinct pattern/fit between the engine cycle plans and vehicle model platform
changes compared to the CO, legislation introduction dates but there are some model platform
changes and planned introductions of new engines in the 2012 7 2015 timeframe and some
planned vehicle platform changes in the 2016 i 2020 timeframe (public domain data not
available to comment on engine platform upgrades / introductions in this timeframe) which will
contribute to the planned 2020 target of 95g/km for the OEMS, vehicle models and engine
platforms analysed in this study.

The analysis above indicates t hareweahimedtdmeettplarmedr sé dev
introduction dates of noxious emissions but currently less aligned to the planned 95 g/km CO, target

in 2020. OEM cycle plans typically span up to 10 years, which means that detailed plans (in terms of

budget and resource requirements) for the next 5 years to 2015 and basic plans up to 2020 are likely

to already be in place

The length of the product development cycle (up to 5 years in some cases) and the fact that OEMs
may already have basic vehicle and engine cycle plans in place from 2015 up to 2020, highlights a
potential need for 95 g/km CO, legislation to be finalised as early as possible and as a minimum 5
years before its implementation date. This will provide certainty for OEMs and enable them sufficient
time to consider it in their vehicle and engine cycle plans whilst they are not heavily detailed and the
product development processes are not yet underway.

Costs for meeting 95 g/km in 2020 using mass / footprint
as utility parameters

Overall costs and distributional impacts based on main cost curves

Detailed cost assessments per manufacturer have been carried out for mass and footprint as utility
parameters. The cost assessment model used for this exercise is an updated version of the model
developed for studies in support of the 130 g/km target for 2015". Options for implementing the 95
g/km legislation for passenger cars have been quantitatively assessed with respect to average
additional costs per car for meeting the target and especially the distribution of required CO,
reduction efforts and associated costs per vehicle over the various manufacturers / manufacturer
groups selling cars in Europe and over the six market segments discerned in the model (small,
medium and large vehicles running on petrol or diesel).

Setting a target for the sales weighted average CO, emissions per manufacturer implies that
manufacturers are allowed to perform internal averaging, i.e. the excess emission of one vehicle that
emits more that the target value can be compensated by other vehicles that emit less than their
specific target values. Based on the cost curves and using average data per segment for each
manufacturer derived from available 2002 and 2009 sales databases, the model calculates the
distribution of reductions per segment that yields the lowest overall costs for meeting the sales
averaged target, in terms of additional manufacturer costs. This solution is characterised by equal
mar gi nal cost salldegmemse r g/ km) i n

The costs for meeting the 95 g/km target using mass and footprint as utility parameters are
summarized in Table 3. Costs are expressed relative to 2009 as well as to a reference scenario in
which the 130 g/km target is maintained beyond 2020. The difference between the two is the costs,
in 2020, for reducing emissions from the 2009 levels to the levels needed to meet an average of 130
g/km.

TNO/IEEP/LAT 2006 - Review and analysis of the reduction potential and costs of technological and other measures to reduce CO,
emissions from passenger cars. Contract nr. S12.408212, October 2006

IEEP/ CE Delft / TNO 2007 - Possible regulatory approaches to reducing CO, emissions from cars. Contract Nr.
070402/2006/452236/MAR/C3, October 2007
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Table 3 Results with respect to average cost impacts (expressed as absolute manufacturer cost increase)
for meeting the 95 g/km target for passenger cars in 2020 with a 100% slope limit function and
mass and footprint as utility parameters, relative to 2009 and to a reference scenario in which 130
g/km is maintained.

Utility parameter: reference mass Additional manufacturer costs [U]
Slope: 100% pS pM pL ds dMm dL Average
Relative to 2009 2199 2390 3872 1719 2119 2697 2188

Relative to maintaining 130 g/km 1852 1653 1993 1552 1748 1930 1750

Utility parameter: footprint Additional manufacturer costs [U]
Slope: 100% pS pM pL ds dM dL Average
Relative to 2009 2166 2400 4189 1657 2145 3160 2197

Relative to maintaining 130 g/km 1818 1664 2310 1489 1775 2393 1760

Distributional impacts are illustrated in Figure 2 and Figure 3. When slopes of the utility-based limit
function are varied, it is found that for various slope values one or more manufacturer groups are not
able to meet their specific target. These are mostly manufacturers with relatively large vehicles, high
petrol shares and small total sales. As a result of the latter, the overall target is only missed by a
small amount.

The costs, to be made for reaching the target, increase with an increasing slope independent of the
assessed utility parameter. However, the sensitivity of the average costs to the slope value is
relatively small. The average costs for meeting the target appear slightly higher for footprint than for
mass. However differences are negligible.
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Figure 2 Relative retail price increase compared to 2009 per manufacturer for utility-based limits applied
per manufacturer for mass as utility parameter. A grey bar indicates a manufacturer exceeding
the target for a certain slope even with maximum reduction.
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Figure 3 Relative retail price increase compared to 2009 per manufacturer for utility-based limits applied

per manufacturer for footprint as utility parameter. A grey bar indicates a manufacturer
exceeding the target for a certain slope even with maximum reduction.

How the costs per manufacturer depend on the slope of the limit function is mainly determined by the

manufacturerés average utilitrywgeal ud reéleatmavneuftact uh
below the average the costs increase with increasing slope, and vice versa. The sensitivity depends
on the distance of the manufacturerdés average utilit

In general the targets defined by limit functions based on mass as utility parameter are met by more
manufacturer groups than for footprint based targets. For the specific manufacturers for which this
applies the average footprint is further away from the overall average than is the case for their
average mass.

Impact of electric vehicles on the costs for meeting the target

Assessing scenarios that include different levels of market penetration of various types of electric
vehicles (EVs: plug-in hybrids, range-extended electric vehicles and full electric vehicles) shows that
manufacturing and selling electric passenger vehicles can become a cost effective means for
achieving the 2020 target of 95 g/km. Under a given sales-weighted target the estimated additional
manufacturing costs for the electric vehicles are more than offset by reduced costs for CO, reduction
in conventional vehicles (as based on the main 2020 cost curves described above). This is due to the
low type-approval CO, values of plug-in hybrids and range-extended electric vehicles and the fact
that full-electric vehicles count as zero-emission for the CO, legislation. This leads to a reduction of
the efforts required to reduce CO, emissions in the remaining conventional vehicles and hence lower
additional costs for these vehicles. The penetration of EVs leads to a slight reduction of the additional
manufacturer costs for meeting the target, irrespective of the utility parameter.

Al t hough -td-vhhee edltéa e EW) ons from electric drive trains
towheel 8 (WTW) emissions obviously are not. Dependi ng
emissions could be as high as the WTW emissions from cars running on fossil fuels. However, with

clear objectives at the European level to improve decarbonisation of the electricity sector by 2020, it

is likely that average WTW CO, emissions will be lower for vehicles driving on electric energy than

for conventional vehicles.
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Since currently full electric vehicles (FEVs) are attributed zero emissions within the fleet average
system, there is no legislative incentive for manufacturers to improve the energy efficiency of FEVs.
However, a strong incentive for that is likely to come from customer demands with respect to
increased range and reduced costs.

In order to realistically account for the CO, impact of electric vehicles, it is necessary to understand
their total CO, impact (including upstream emissions for electricity production and their impact on the
real-world emissions of conventional vehicles) and to define an approach for handling them with
respect to the European CO, regulation. The question of whether it is desirable to account for the
WTW emissions depends on numerous economical, political and societal factors. Recommendations
to resolve this future issue are not made within this study.

Marginal costs for meeting the target and implications for excess premiums

If the average CO, emissions of a manufacturer's 2020 sales of new cars exceed the manufacturer
specific target, the manufacturer has to pay an excess premium for each car registered. According to
Regul ation No 443/ 20009, this premium amounts
onwards.
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Figure 4 Marginal costs for realising the final g/km CO; reduction to meet the manufacturer specific target

in 2020 for every analysed manufacturer group for both reference mass and footprint as utility
parameter and a 100% slope limit function. The grey bars indicate manufacturers that can not
reach their target even with the maximum reduction possible.

For every manufacturer Figure 4 depicts the marginal costs for realising the final g/km CO, reduction
to meet the manufacturer specific target in 2020. The figure shows that the excess premium level
from 2019 onwards is slightly higher than the average marginal cost for every manufacturer (which is
G 91 g/ km) . Th e fexdess premiumtshouldsproVide enmugh incentive for the majority
of manufacturers to reduce the CO, levels of their vehicle fleet to the target rather than paying the
penalty for exceeding the target. In order for the excess premium to be an incentive for all
manufacturers (apart from the ones not being able to meet that target at all) to reach their equivalent
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Conclusions from the analysis of three scenarios with alternative cost curves

Table 4 and Table 5 present the impacts on the costs for meeting 95 g/km in 2020 of using
alternative cost curves reflecting three scenarios that explore possible reasons for why costs might
be lower than found in the assessment presented above:

a) Alternative accounting for progress observed in the 2002-2009 period
b) Alternative cost curves based on a modified technology table including data from EPA studies
¢) Combination of a) and b)

Assessments for footprint as utility parameter yield similar results. As was to be expected from the
comparison of cost curves in Figure 1, assuming that a large part of the progress made between
2002 and 2009 is to be attributed to other origins than application of technologies from the cost
curves |l eads to costs for meeOtlawerghantfdr the case bages ton
the original cost curves. Using alternative data for costs and reduction potentials of hybridization and
weight reduction from EPA studies has a more limited effect. The combination of scenario a) and b)

t hat

|l eads to costs that are about 0 1000 | ower than t

Table 4 Comparison of the impact of different scenarios on additional manufacturer costs per segment
relative to 2009, with reference mass as utility parameter and a 100% slope limit function

Addi ti onal manufacturer ¢

based on 2020 based on based on based on
Utility parameter  [Slope cost curves "Scenario a)" | "Scenario b)" | "Scenario c)"
60% 2186 1596 1717 1203
Mass 100% 2188 1595 1715 1198
60% 2191 1601 1728 1213
Footprint 100% 2197 1605 1732 1210

Table 5 Comparison of the impact of different scenarios on additional manufacturer costs per segment
relative to maintaining 130 g/km, with reference mass as utility parameter and a 100% slope limit
function

Addi ti onal manufacturer cost

based on 2020 based on based on based on
Utility parameter  |Slope cost curves "Scenario a)" | "Scenario b)" [ "Scenario c)"
60% 1748 1159 1280 765
Mass 100% 1750 1158 1277 760
60% 1754 1164 1290 775
Footprint 100% 1760 1168 1294 772

Results for the scenarios a) to ¢) would change the conclusion from the assessment of impacts of
introducing EVs by 2020 as presented above. The lower costs for meeting the target by means of
reducing CO, emissions from conventional vehicles will mean that additional costs for manufacturing
EVs will no longer be outweighed by reduced costs for reduced efficiency improvements in
conventional vehicles.
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Conclusions with respect to the choice of utility parameter
and limit function

Comparison of reference mass and footprint based on additional manufacturer cost

The results of the cost assessment and distributional impacts do not significantly contribute to the
selection of the preferred utility parameter. Differences in cost and distributional impacts are found to
be too small to motivate the choice.

In the analysis of distributional impacts a footprint based limit function leads to an extra manufacturer
group not being able to meet its target compared to the case with mass as utility parameter.
However, the sales share of this manufacturer group is only 0.7% of total sales. Similarly to the cost
comparison between the two parameters, this difference does not seem significant enough for
selecting a favourable utility parameter.

Finally, the difference in distributional impacts between the mass and footprint-based limit functions,
lies mainly with large petrol vehicles. These vehicles tend to have relatively higher costs for footprint
than for mass. Therefore manufacturers such as Chrysler, Spyker (incl. Saab) and Tata (incl. Land
Rover and Jaguar) have higher additional manufacturer costs for reaching their target. On the other
hand, manufacturers with higher sales volumes, such as Ford, have lower manufacturer costs when
a footprint-based limit function is applied.

Comparison of reference mass and footprint based on impacts of the penetration of
low emitting vehicles

The penetration of various types of electric vehicles could potentially lead to a reduction of additional
manufacturer costs to meet the target of 95 g/km. However, the impact from this penetration is very
similar for both utility parameters. For scenarios with different levels of EV penetration the differences
between the additional manufacturer costs based on either mass or footprint as the utility parameter
are below 0.6%. This difference also seems too small to motivate the choice of the favourable utility
parameter.

Comparison of reference mass and footprint in the context of applying an additional
vehicle-based CO; limit

Conclusions with respect to the option of applying an additional vehicle-based CO, limit are
presented below. Additional manufacturer costs, in case vehicles exceeding an additional vehicle-
based CO, limit are excluded from the market, are found to be slightly lower for footprint compared to
mass as utility parameter. On the other hand, the usage of footprint as utility parameter, leads to the
exclusion of more vehicles, which can be perceived as a negative effect. Finally, the cost reduction
per excluded vehicle is very similar for both utility parameters. The option to apply a vehicle-based
limit function therefore provides no ground to decide upon a favourable utility parameter.

Choice of favourable utility parameter

Since no obviously favourable utility parameter arises from the cost assessments, the choice will
need to be based on general pros and cons as discussed above. From these pros and cons two
potential effects of the utility parameter choice seem more important than other ones.

Firstly, a relevant argument is that mass reduction will be an important measure for future CO,
reduction beyond 130 g/km. If mass is used as a utility parameter, applying this measure is made
unattractive, since it would lead to a stricter CO, target for a manufacturer. The European
Commission has the possibility to adjust the limit function when changes in average mass are
observed, and for the case of mass reduction this would lead to higher specific targets per
manufacturer for given utility values. This would compensate the reduced effectiveness of weight
reduction as CO, reducing measure in relation to a mass-based limit function. Nevertheless mass as
utility parameter provides a first-mover dilemma to individual manufacturers. Since the choice for
footprint as a utility parameter would not influence the CO, target of a manufacturer in case of light
weighting its vehicles, this parameter seems favourable from this perspective.
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Moreover the argument that footprint is a better measure for utility is a valid one from a consumer
perspective. Consumers tend to buy certain vehicles because of their size, e.g. to transport more
people or goods or to transport people with more legroom and comfort, while they do not purchase a
certain car because it is heavy. Since footprint is a much better proxy for vehicle size and resulting
utility than mass, footprint seems favourable from a consumer perspective and might increase the
acceptance of legislation and other measures (e.g. CO, labelling or taxation schemes) based on this
utility parameter.

As a result of these arguments, footprint seems to be the favourable utility parameter.

A risk of changing the utility parameter could be that European policy making on cars and CO, is
perceived by stakeholders as inconsistent, and might make critical stakeholders wonder what
changes are to be expected for a next generation standard beyond 2020. The evaluation of
alternative utility parameters, however, has made clear that other options generally do not provide
any significant advantages compared to footprint but usually do have disadvantages and aspects that
make them less practical or even unfeasible in practice. Whereas mass was chosen for the 2015
target, partly because the at least equally attractive alternative of footprint was not available due to
the absence of data in the Monitoring Mechanism, there are no alternatives in view now that are
potentially better than footprint or mass but can not be applied yet for practical reasons.

Conclusions with respect to the slope of the limit function

A linear utility-based limit function is preferred over truncated utility-based limit functions with floors
and ceilings, since in the European market situation floors and ceilings of non-linear limit functions do
not have significant impacts unless they are set at unreasonable levels.

Having selected a linear function, the slope can be chosen such that vehicles with higher utility value
are allowed proportionally higher CO, emissions. However, making the slope too steep can lead to
gaming by manufacturers whereby increasing the vehicles utility would bring the vehicle closer to the
target line despite additional emissions resulting from the increased mass or footprint. Analysis of
various slopes indicates that a 100% slope might be preferred for the 2020 target.

The 100% slope for the 2020 mass-based limit function based on 2009 data is a much flatter
absolute slope than the 100% slope for the 2015 limit function based on 2006 data. The 100% limit
function for 2020 based on 2009 data is even slightly flatter than the limit function for the 130 g/km
target for 2015, which was a 60% slope function based on 2006 sales data. As the 2015 limit function
was found to be sufficiently flat to prevent gaming, the slope for 2020 does not need to be lowered
below 100%. Footprint is a utility parameter that is more difficult to game with than mass, since
changing it requires complex and expensive structural changes to the design and construction of the
vehicle. However, to prevent incentives towards larger cars, also here the limit function cannot be too
steep.

With respect to the distributional impacts of the slope the following can be concluded:

1 Some manufacturers will not be able to meet the target irrespective of the slope, while for very
low slope values for both mass and footprint as utility parameters one manufacturer group is not
able to meet its specific target.

1 A second general conclusion is that costs, to be made for reaching the target, increase with an
increasing slope independent of the assessed utility parameter. However, the sensitivity of the
average costs to the slope value is relatively small.

1 Aiming for an even distribution of the distribution of costs per vehicle over manufacturers is a less
appropriate criterion for the 2020 target than was the case for the 2015 target. Between 2002
and 2009 some manufacturers have made more progress than others, and striving for an even
distribution of the costs for moving from the 2009 levels to the 2020 targets would punish early
movers.

From the point of view of distributional impacts there is also no incentive to move to slopes lower

than 100% for the 2020 target.
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Conclusions regarding possible additional measures and
provisions

Super credits

In the current legislation that was introduced to reach a target of 130 g/km by 2015, super credits
were introduced in order to encourage the development and application of propulsion technologies
that lead to very low or zero (tailpipe) CO, emissions, such as battery-electric or hydrogen fuel cell
based powertrains. Such super credits are given to manufacturers until 2015 for every car sold that
emits less than 50 gCO./km. In calculating the average specific emissions of CO,, each new
passenger car with specific CO, emissions of less than 50 g/km is counted as 3.5 cars in 2012 and
2013, 2.5 cars in 2014, 1.5 cars in 2015, and 1 car from 2016 onwards. In principle the super credits
mechanism could be re-introduced after 2016 as long as it is discontinued before the next target
year, since otherwise it would erode the net impact of the CO, legislation. If the super credits
mechanism would be applied in the period between 2016 and 2020, the sales of very low CO,
emitting vehicles (hydrogen or electric) might lead to a decreased incentive for car manufacturers to
reduce CO, emissions of high emitters, since they can compensate for such vehicles.

Even when the mechanism is only applied between 2015 and 2020 it could result in higher net CO,
emissions compared to a situation without super credits. This hazard only increases with more
vehicles becoming eligible. As discussed above the 95 g/km fleet average target could already be
such a strong incentive for manufacturers to market EVs that super credits will be unnecessary as a
provision for the 2020 target.

Additional vehicle-based CO, limit

The current CO, legislation defines for each manufacturer group a specific target for the sales-
weighted average CO, emissions of the new vehicles sold in 2015. For the 2020 target it could be
considered to augment this approach by means of an additional vehicle-based CO, limit that requires
the emissions of individual vehicles to be below a certain value. This limit may also depend on the
vehicl ebds utility. Vehicles exceeding the 1
manufacturers could be required to pay a buy-out premium for selling these vehicles.

A vehicle-based limit should ensure that manufacturers also focus on improving the efficiency of high
emission vehicles rather than relying on low emission vehicles to offset them. Such a limit would
reduce the flexibility that a simple fleet-average target offers the manufacturers, and this may
increase the total costs. However, it could also act as a spur for the development of innovative
solutions which would produce substantial cuts in vehicle emissions at the upper end of the market,
and these solutions could then filter down to the lower and higher volume end of the market as costs
reduce.

The analysis carried out in this study demonstrates that it would be feasible to incorporate vehicle-
based CO, limits into emissions reduction legislation and that a limit could make a useful contribution
towards achieving the overall 95g/km target. The cost curves developed for this study show that in
most cases vehicle emissions could be reduced to the limit assuming that the correct incentives were
in place to stimulate manufacturers to make these reductions.

Various options have been analysed whereby target levels were set in such a way that the different
options would provide the same contribution towards meeting the sales-average 95 g/km target. As
an example vehicle-based limit functions were defined in such a way that bringing all vehicle to at
least the level specified by the limit would result in a sales weighted average of 115 g/km.

In this analysis a linear utility-based limit came out as the most cost-effective option. Truncated linear
l'imit functions with a 6ceilingdé result in |e
ceiling value to provide the same contribution to meeting the average target as for the case of a
linear limit function. A flat limit has the greatest number of vehicles already under the limit, but is the
most expensive of the four options, with disproportionately large reductions being required at the
larger end of the market (both in terms of reference mass and in terms of footprint) and very little in
the way of reductions being achieved at the smaller end of the market.
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The level at which any limit is set will depend on to what extent it is desired that the limit acts to
reduce fleet average CO, emissions towards 95g/km and the magnitude of the costs which the
industry could be expected to bear. For the linear limit function each 5g/km reduction in average CO,
emissions results in additional cost per affected vehicle in the region of 01 2 0 t oParticlLl& 5
attention should be paid to the gradient of the limit as this is the principle parameter which defines
how the costs are spread across the market. If the gradient is set too steep then the costs shift
towards smaller vehicles which tend to be priced lower and sold in greater volumes than larger
vehicles.

The cost curves suggest that the reductions necessary to meet the limits can be made in the majority
of cases, with only a few thousand vehicles (mostly low volume high performance vehicles) being
unable to reduce their emissions to the limit. Revenue generated through a buy-out premium could
therefore be expected to be small compared with the costs of emissions reductions and insufficient to
justify a feebate (or bonus/malus) system whereby the manufacturers with a high emissions
reduction performance would be rewarded using the buy-out credits charged to the manufacturers of
vehicles which cannot be reduced below the limit. Instead the premium could exist to ensure that the
manufacturers are more likely to adopt emissions reductions as the more cost-effective approach of
complying with legislation.

A combined target for passenger cars and vans

Until now CO, legislation has been developed and implemented for passenger cars and light
commercial vehicles separately. A reason for that is that the two vehicle categories represent
different markets, with to a large extent unrelated vehicle models. Given the different characteristics
and applications of passenger cars and vans, the two categories may have different CO, emission
reduction potentials, both from a technical and from an economic perspective.

On the other hand there is also overlap between the categories. The class | and Il segments of the
van market contain a large share of passenger car derived vans. And even for dedicated van
platforms, often engines and other powertrain components are shared with passenger car models.

The latter consideration has motivated the question of whether it would be feasible and beneficial to
bring passenger cars and vans under a common regulatory target.

In general three approaches are identified to arrive at a combined target for passenger cars and

vans:

1. allowing manufacturers to pool their targets for passenger cars and vans, whereby over- or
underachievement in one market can be compensated by under- or overachievement in the
other market;

2. setting a single target for the combined sales of passenger cars and vans in combination with a
single utility-based limit function that is applied to both passenger cars and vans;

3. bringing vehicles / vehicle platforms that are designed to be both cars and vans at the same
time under the passenger car legislation.

Approach 1) is technically feasible for the 2020 targets and does not appear to have major
drawbacks in principle. The viability, however, needs to be determined by detailed impacts that go
beyond generic arguments. These details can not be assessed at this point in time. An important
condition for avoiding undesired consequences is that the marginal costs for meeting the separate
targets for passenger cars and vans are about the same. Pooling on the basis of sales and mileage
weighted CO, emissions is preferred to avoid that shifting reductions from vans to passenger cars
leads to a lower net GHG emission reduction at the overall fleet level.

The impacts of approach 2) strongly depend on the choice of utility parameter. Setting a combined
utility-based limit function is likely to lead to unattainable targets for either vans (mass) or passenger
cars (footprint). The risk of undesirable distributional impacts (disproportionate impacts on a limited
number of manufacturers) is considerable, especially given the fact that for reaching the 2020 target
manufacturers will have to use a substantial part of the available reduction potential and are thus
more | ikely to Ahit the ceilingd of the cost curves.

The main problem with approach 3) is the legal definition of which vans would qualify for inclusion in
the (possibly adapted) passenger car target. Also, this option reduces the room for internal averaging
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which manufacturers have available to meet the specific targets that are set for the remaining light
commercial vehicles that do not fall under the passenger car target.

Important factors that hinder the establishment of a combined target without undesired impacts are

that:

1 the EU27 passenger car sales are 9 to 10 times larger than the sales of light commercial
vehicles;

1 the new van sales consist almost entirely of diesel vehicles, which have a more limited reduction
potential and offer that reduction at a higher cost than petrol vehicles;

1 not all manufacturers sell both passenger cars and vans, and even among those that do the
proportions are very different.

All'in all approach 1) appears the most feasible. However, overall the evaluation of existing evidence
with respect to the different approaches does not seem to create a convincing motivation to strive for
a combined target for passenger cars and vans. Since a final judgment on the approaches is strongly
affected by detailed consequences of the specific way in which the targets are set, the subject would
still benefit from closer scrutiny.

Trajectory of declining annual target values, possibly in combination with banking
and borrowing

Regulation (EC) No. 443/2009 sets a target of 130 g/km to be met in the period 2015-2019 and a 95
g/km target to be met from 2020 onwards. Between 2015 and 2020 the excess emission, for which
manufacturer groups have to pay a penalty, is determined relative to their 2015 target, determined
per manufacturer group using the mass-based limit function.

A trajectory of declining annual targets, setting intermediate steps with constant yearly reductions
between the 2015 target and the target level set for 2020, can be proposed for two different reasons.
First of all it avoids that manufacturers postpone the introduction of fuel efficient technologies to the
last years before the target has to be met. Such behaviour would lead to higher fleet-wide CO,
emissions in the last years than the situation in which efficient cars are introduced earlier in
anticipation of the target year. Secondly a trajectory of declining annual targets may increase the
likelihood that manufacturer groups actually meet their 2020 specific emissions targets. Such a
provision would then involve excess emission premiums relative to the annual targets rather than to
the 2015 target.

The analysis carried out shows that a trajectory of declining annual CO, targets for manufacturers
prior to the 2020 target year can prevent extra CO, emissions from the fleet over a longer time
period. The impact of stepwise targets on the total annual CO, emissions from passenger vehicles in
the 2015-2040 period is limited to a few percent relative to a worst case scenario in which
manufacturers only implement the required reductions close to the 2020 target year. Still, this
difference is equivalent to the effect of an approximately 3 g/km higher fleet average CO, level over
the period between 2015 and 2040. This indicates that the effect of the declining targets i or of the
absence thereof 1 can be significant, and hence that they should be considered as an additional
provision and in particular as a risk management measure.

Banking and borrowing is a recommendable flexibility mechanism in addition to such a trajectory
since such short periods between targets leave relatively little headroom for manufacturers to steer
for these annual targets. This relates to their possibilities to adjust R&D programmes and model
development cycles, but also to exterior developments (e.g. unexpected changes in sales
di stribution) that can i nfl yemissioa lewls. Al@wing baalking and
borrowing offers manufacturers the opportunity to compensate for possible overshooting or
undershooting the targets in certain years as a result of these control limitations.

The possible effect on fleet-wide CO, emissions of the introduction of banking and borrowing in
addition to annual decreasing targets is small as long as the banked or borrowed emission
allowances balance is neutralised by the end of the banking and borrowing period and this period is
sufficiently short.
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Banking and borrowing does not provide an incentive for manufacturers to postpone the application
of CO, reducing technologies. Due to the strong non-linearity of the cost curves for CO, reduction,
borrowing CO, credits prior to banking increases the net costs of meeting the target averaged over a
longer time period. Therefore manufacturers will only delay their CO, emissions reduction if the costs
of changing their model cycles are higher than the additional costs of compensating for their
borrowed CO, credits. Hence it is safe to allow banking and borrowing.

In order to manage the risk of manufacturers not being able to balance out a negative amount of CO,
credits, a maximum amount of borrowed CO, credits can be considered.

Mileage weighting

CO, regulation is currently defined in relation to the sales-weighted average of type approval CO,
emissions expressed in gram per vehicle kilometre (g/km). Due to differences in real-world driving
patterns and in lifetime mileages of different vehicle types and vehicle applications, this definition
lacks a strong connection to the total amount of fuel that is actually consumed, and the
environmental impact the purchase of a new vehicle entails.

In principle it is possible to Iink a vehicl
given that the average usage patterns (mileage) are broadly known for all vehicle types. More

detailed,Z"dorder estimates of a vehiclebds total e mi

usage patterns (e.g. distribution over road types or speed-time profiles) in combination with
knowledge of how these affect real-world fuel emissions.

As using more detailed estimates of real-world emissions would certainly not be feasible in a
legislative context, the analysis carried out in this project has limited itself to making a first
exploration of the possibility for and consequences of using a mileage weighted emission target in a
regulatory approach to reducing CO, emissions from passenger cars. Mileage weighting does not
replace sales weighting. Instead weighted averages are determined by multiplying CO, emission
values if individual vehicles with the product of sales and mileage and dividing the sum of that over
all vehicles by the sum-product of sales and mileage over all vehicles.

To be able to set and maintain a mileage weighted target a mileage value needs to be attributed to
each vehicle sold. Since vehicles see an evolution of their usage pattern over their lifetime, namely
by progressively reducing their annual mileage, lifetime mileage values would be needed to reflect a
vehiclebds contribution to t ot dilbeeate manifactorer-spedit,
mileage weighting does not imply the need to determine and work with manufacturer-specific
mileages. In fact, the lifetime mileage value to be attributed at the vehicle level to establish this target
can be determined on different levels of detail, and at least as a first-order approach, it would suffice
to work with manufacturer-independent, fleet average values. This would make it easier to establish
sufficiently representative values as it does not require monitoring the use of all cars. To reflect the
fact that vehicles of different size drive different mileages, the mileage value could be defined as a
function of the utility parameter. Acknowledging that lifetime mileages are markedly different for
petrol and diesel vehicles (and possibly also for other propulsion systems) separate functions for
mileage as function of utility should de defined for different fuel types / energy carriers.

To assess possible implications of mileage weighting calculations have been performed using the
cost assessment model which was adapted to take account of average lifetime mileages for the 6
vehicle segments, derived from TREMOVE data. The cost model was run, for each of the utility
parameters mass and footprint, with the objective of reaching the same amount of total CO,
emissions as in the non-mileage-weighted case, per manufacturer, at minimal cost. The distribution
of reduction efforts between segments thus becomes dependent on the corresponding lifetime
mileages.

It was shown that the lifetime emissions total for all vehicles sold in 2020 can be achieved 2% less
expensively (equivalent to U 600 million) whe
addition to sales. This is due to two reasons. Firstly, larger vehicles with higher emissions generally
cover longer distances, thus increasing the emission reductions that can be captured with CO,
reduction technologies applied to these vehicles. Furthermore diesel vehicles also drive more than
petrol vehicles. Emission reduction in diesels is more expensive than for petrol, but due to the higher
mileage a lower level of reduction per km is needed to reach the overall target.
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Since this task could only consider mileage-based redistribution of the reduction effort (between
segments) within the fleet of each manufacturer rather than between manufacturers, potential further
cost savings may have been left out. Applying mileage weighting also leads to a different distribution
of the contributions of different manufacturers to reaching the overall target. This may have additional
cost impacts.

In any case, this task concluded that including mileage as a weighting parameter:

1 can contribute to a greater efficiency in reaching EU GHG emission targets;

1 makes the achieved net GHG emission reduction insensitive to the way in which manufacturers
choose to distribute their reduction efforts over different market segments / models;

1 will help to reach the intended overall GHG emission reduction in a more cost-effective manner
by taking account of the fact that CO, emission reduction technologies have more impact in cars
that drive more.

But more analysis is needed to assess the full effects of mileage weighting as well as to further

determine practical implications.

A major concern that needs to be addressed is the establishment of robust and accepted mileage
values, which at least should be recorded in function of an appropriate utility parameter and the fuel
type, but possibly also specific for each manufacturer. This can be done through surveys or improved
inspection/reporting procedures, for which discussions with the relevant sectors will be needed.

Conclusions with respect to additional issues affecting the
impacts of CO, legislation for passenger cars

Greenhouse gas emissions of life-cycle aspects

Changes in vehicle technologies not only affect the CO, emissions in the use phase, but may also

l ead to changes in the GHG emissions occurring in ot
the manufacturing of materials and components, vehicle manufacturing and vehicle disposal and

recycling.

For the CO,-reducing technologies that are expected to be applied to conventional vehicles in
response to CO, legislation the emission improvements in the use phase are found to more than
outweigh additional emissions from the manufacturing phase. Application of light-weight materials is
found not to increase CO, emissions from vehicle production.

A review of recent life cycle assessment studies showed that for hybrid, plug-in hybrid and battery-
electric vehicles GHG emissions in the production and end-of-life phase are significantly increased
compared to conventional vehicles. For battery-electric vehicles the additional GHG emissions
divided by the lifetime mileage are estimated to amount between 5 and 20 g/km. The value varies
with battery size, type and energy density. However, there is quite a large variation in the literature
on this issue, and differences between studies can not always be explained by these factors.
Nevertheless it is clear that emission from production of battery-electric vehicles are non-negligible
although in most countries still more than outweighed by the GHG emission advantages that these
vehicles have in the use phase.

Rebound effects of improved fuel economy

CO,, regulation has an impact on the purchase price of new vehicles, as well as on the cost of driving.
This may affect both purchasing behaviour and driving behaviour. The initial hypothesis, which
requires confirmation and quantification, is that lower driving costs will increase driven mileage,
cause people to drive with less attention to their fuel consumption, and thus cause extra CO,
emissions. This is a rebound effect that reduces the net impact of the regulation.

A first order assessment has been carried out on the basis of elasticities and other applicable
economic methodologies found in literature as well as a detailed analysis of results from previous
TREMOVE calculations, carried out in relation to the CO, legislation for passenger cars. The
literature review concludes that the elasticity of fuel consumption with regard to fuel price is between
-0.25 (short term) to -0.6 (long term). As a result a 27% improvement of fuel efficiency, associated
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with the step from 130 g/km to 95 g/km”® leads to a net reduction in CO, emissions of 22.1% (ST) and
15.2% (LT) due to the rebound effect of lower cost of fuel. Elasticities for car ownership and usage in
relation to purchase price could not be found in literature. The analysis of TREMOVE runs indicates
that the combination of improved fuel efficiency and a price increase of 15% may lead to 1 - 2%
additional fuel saving (positive knock-on consequence instead of rebound effect).

Considerations on the relation between costs and prices

Since the adoption of Regulation No 443/2009 CO, emissions from new cars have declined
significantly. At the same time average car prices in the EU appear to have been decreasing in real
terms in recent years. This could be interpreted as proof that CO, reductions are possible at
negligible costs, suggesting that the costs of reducing CO, emissions from passenger cars have
been overestimated in studies underlying the Impact Assessment carried out for Regulation No
443/2009.

In this as well as previous studies the additional costs for meeting the target are calculated relative to
an -RBlsefrdmaining-e qual o baseline. Rel ati ve t o t his
technology is expected to involve additional costs. How these costs affect prices first of all depends
on ways in which manufacturers are able to pass through these costs. Whether pass through of costs
consequently leads to net increase in real car prices depends on the baseline price development
upon which the increases are superimposed. A multitude of factors determine the baseline price
development. These include e.g. increased commonality of parts and sharing of platforms and
powertrains, relocation of production and manufacturing, improved operations with respect to e.g.
managing inventories and supplies, reducing manufacturing costs, reducing costs of other
components than the ones applied to reduce CO, emissions, and increased pressure on other parts
of the value chain to reduce costs. Furthermore vehicle prices are affected by resource prices,
exchange rate fluctuations and changes in taxation. As a result it is concluded that the fact that
average car prices appear to have declined in real terms over the last years does not provide
evidence that ex ante assessments overestimated the costs for meeting the 130 g/km target. At the
same time there is also no proof of the contrary.

527% =117 95/130
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1 Il ntroducti on

1.1 Context and objective of this project

In COM(2007) 19° and SEC(2007) 60’ the European Commission outlined its plans for a Community
Strategy for reaching the EU objective of reducing CO, emissions from new passenger cars to 120
g/km in 2012. The Commission proposed an Integrated Approach. The main element of this
approach was a regulatory framework for reducing the CO, emissions of the average new passenger
car fleet to 130 g/km by means of improvements in vehicle technology. To bridge the gap between
this new passenger car fleet average and the 120 g/km goal the Integrated Approach comprises
additional elements, like setting minimum efficiency requirements for air-conditioning systems,
compulsory fitting of accurate tyre pressure monitoring systems, setting maximum rolling resistance
for tyres, use of gear shift indicators, efficiency target for vans and the increased use of biofuels. This
strategy has been evaluated by the European Commission in 2010 [EC 2010].

In December of 2007 the Commission presented a detailed proposal8 and accompanying Impact

Assessment’ for the regulatory framework to achieve a new car fleet average of 130 g/km.

In December 2008 the European Parliament and Council reached an agreement through a co-

decision procedure on the details of the CO, legislation for passenger cars, laid down in Regulation

No 443/2009'°. Some important elements of the agreement include:

9 Limit value curve: the fleet average to be achieved by all new passenger cars registered in the EU
is 130 grams per kilometre (g/km). A so-called limit value curve implies that heavier cars are
allowed higher emissions than lighter cars while preserving the overall fleet average.
Manufacturers will be given a target based on the sales-weighted average mass of their vehicles.

1 Phasing-in of requirements: in 2012 65% of each manufacturer's newly registered cars must
comply on average with the limit value curve set by the legislation. This will rise to 75% in 2013,
80% in 2014, and 100% from 2015 onwards.

1 Long-term target: a target of 95 g/km is specified for the year 2020. The modalities for reaching
this target and the aspects of its implementation will have to be defined in a review to be
completed no later than the beginning of 2013.

A number of implementing measures, detailing various provisions and procedures of the CO,
legislation for cars, are still to be designed and adopted through a comitology procedure. These
implementing measures cover issues relating to™":
1 special derogations for niche and small volume manufacturers and for market entrants;
1 monitoring CO, emissions and other features (e.g. footprint) from newly registered light duty
vehicles;
9 the contributionofso-c al | ed nim®va@at i greductonso CO
0 These are technical measures applied to vehicles which reduce the energy consumption and
CO, emissions under real-world driving conditions but that do not affect the CO, emissions
as measured on the type approval test. Examples are waste heat recovery, solar roofs and
LED lighting.

An important development, especially with respect to the target for 2020, is the on-going work in UN-
ECE (GRPE) work on defining a new light-duty vehicle test procedure (with the focus on developing
a representative and world-harmonised driving cycle). This revised test procedure should better
reflect real-world driving conditions and should take into account whenever possible the contribution
of eco-innovations. Adoption of a new test cycle would require translation of the 95 g/km target,
defined on the NEDC cycle, to an equivalent target for the new cycle. Other changes in the test

COM(2007) 19: Results of the review of the Community Strategy to reduce CO, from passenger cars and light commercial vehicles,
7.2.2007.

SEC(2007) 60, Impact Assessment, accompanying document to COM(2007) 19, 7.2.2007.

COM(2007) 856, Proposal for a Regulation of the European Parliament and of the Council setting emission performance standards for new
passenger cars as part of the Community's integrated approach to reduce CO, emissions from light-duty vehicles, 19.12.2007.

SEC(2007) 1723, Proposal from the Commission to the European Parliament and Council for a Regulation to reduce CO, emissions from
passenger cars, DRAFT Impact Assessment, 19.12.2007.

1 REGULATION (EC) No 443/2009 OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 23 April 2009 setting emission
perfomance standards for new passenger cars as part ;enfissianhfomi@btaumtyuni t yds i nt e
vehicles, see: http://ec.europa.eu/environment/air/transport/co2/co2_home.htm

See http://ec.europa.eu/clima/documentation/transport/vehicles/cars_en.htm
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procedure (test conditions, tolerances) may also require further work in the definition of the 2020
target.

In the CO; and cars regulation (Regulation (EC) No 443/2009) it is stated in Article 13 that a review
would be carried out by the European Commission no later than the beginning of 2013 in order to
define the modalities of reaching the 95 g/km target for the new car fleet by 2020. The support for
this review is currently being carried out within the Framework Contract on Vehicle Emissions by
TNO, in association with AEA, CE Delft, Okopol, Ricardo, TML and IHS Global Insight (Reference
ENV.C.3/FRA/2009/0043).

1.2 This report

Work in this project is organised in the following tasks and subtasks.

1. Cost and potential of CO, reduction options for 2020 and further
Task 1.1 Cost and potential of CO, reduction options for the longer term
Task 1.2 Current state-of-the-art technologies

Task 1.3 Model cycles

2. Alternative utility parameters
Task 2.1 Database consolidation
Task 2.2 Footprint

Task 2.3 Transport utility

3. Modalities for 95 g/km in 2020
Task 3.1 Preliminary evaluation of options for modalities
Task 3.2 Update of cost assessment model for passenger cars

Task 3.3 Assessment of average additional vehicle costs per manufacturers for
manufacturer-based modalities

Task 3.4 Assessment of impacts of vehicle based CO, limit

Task 3.5 Development of cost assessment model for assessment of combined target for
passenger cars and vans

Task 3.6 Assessment of impacts of a combined target for passenger cars and vans

Task 3.7 Evaluation of results for various options and development of proposals for favourable
modalities

4, Investigation of further aspects

Task 4.1 Consequences of additional provisions in the definition of the 2020 target
Task 4.2 Consequences of mileage weighting

Task 4.3 CO, emissions of various life-cycle aspects

Task 4.4 Rebound effects

5. Best available technologies in 2007
Task 5.1 Analysis of IHS database

Task 5 was a review providing input to the definition of provisions for derogation in the present
legislation, specifically the derogation of new market entrants selling between 10,000 and 300,000
vehicles in 2015. Results have been reported to the European Commission in a separate report.

This report also contains an additional deliverable, included after the core work of Task 3 (Chapter
14). This note focuses on the link between the costs associated with the introduction of CO,
reduction technology and car prices.
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2 Cost curpraesssdmger pear 1 on
and diesel

2.1 Introductio n

This chapter describes the development of cost curves for CO, reduction in passenger cars by
means of technical measures aimed at achieving CO, emissions of 95 g/km for new passenger cars
in 2020. The applied method is similar to the method used in the 2006 study by TNO [Smokers 2006]
in which costs curves for the 2012-2015 period were developed, and which have served as the basis
for assessing impacts of the 130 g/km target set for 2015. In a more recent study [Sharpe & Smokers
2009] indicative long term cost curves, based on a limited number of technological measures and
packages but including expected impacts of learning effects, were constructed as input for a first
assessment of possible 2020 target levels. For a more detailed assessment of different modalities for
implementing the agreed 95 g/km target, the current study reviews the development of costs and
CO, reduction potentials of options already identified in the 2006 report, identifies new options and
constructs cost corves for 2020 using a methodology that is largely the same as the one used for the
2006 study. The method description is partly taken from that 2006 study, but dissimilarities are
mentioned explicitly. Also in this case the work was carried out in four main steps:

9 collection of information on reduction potentials and costs of technological measures for reducing
CO, emissions from passenger cars on petrol and diesel, on the basis of literature review, in
house expertise and consultation of car manufacturers and component suppliers and their
industry associations;

9 identification per technical measure of the costs and CO, reduction potential to be used for
constructing cost curves;

9 estimating total costs and CO, reduction potentials of all possible packages of technical measures
that can be combined;

9 defining cost curves on the basis of the "clouds" of data points generated by the costs and CO,
reduction potential of all feasible packages.

Differences mainly concern improvements in the approach for drawing cost curves on the basis of
data for a large number of packages of individual measures.

In section 2.2, the methodological aspects are explained in detail, clarifying assumptions and
definitions. Thereafter, in section 2.3 the technological options and the corresponding reduction
potentials and costs are presented as well as the resulting cost curves. In section 2.5, the
constructed curves are compared to curves presented in previous studies. Conclusions are drawn in
section 2.7.

2.2 Methodology for developing ¢ ost curves

2.2.1 Goal of developing cost curves

This study covers a detailed assessment of the technical feasibility, CO, reduction potential and
costs of technical measures at the vehicle level which can be implemented by manufacturers in
support of achieving a 95 g/km goal. These measures include technical options to improve engine
and powertrain efficiency and to reduce vehicle weight and resistance factors.

2.2.2 Approach

As stated before, the starting point for the analysis are the methodology and results of a previous
2006 TNO study [Smokers 2006]. Data collection formats and other parts of the methodology for that
study were used now to assess the costs and reduction potentials of technical measures for the 2020
period.

As in the 2006 study, baseline vehicles are identified for three car segments and two fuel types, i.e.
small / medium / large passenger cars on petrol and diesel. The baseline vehicle is defined as a
passenger car lacking the CO, reduction technologies identified by the framework partners and the
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various parties that filled in the questionnaire. Since cars in the year 2002 fit these characteristics
well, the average new sold car in 2002 is used as the baseline vehicle. All costs and reduction
potentials for individual measures identified in this report are relative to that 2002 baseline vehicle.
Therefore, the baselines are calculated as sales weighted averages of cars sold in the three
segments in 2002.

These market segments are defined based on the typical marketing division as follows. Names in
brackets are IHS Global Insight defined segments:

1 A:City (A) 1 Small MPV (MPV-B + MPV-C)

1 B: Supermini (B) 1 Standard MPV (MPV-D)

1 C: Lower Medium (C1 + C2) 1 Luxury MPV (MPV-E)

1 D: Upper Medium (D1 + D2) 1 Compact SUV (SUV-A, SUV-B + SUV-C)

1 E: Executive (E1) i Standard SUV (SUV-D)

1 F: Luxury (E2) 1 Luxury/ Full Size SUV (SUV-E)

1 G: Super Luxury / Sports (F1 + F2)

For the pur pos e of this study, fimedi umo i s defined as

encompass the classes below and above C, respectively.

As a starting point for discussions with and information collection from industry representatives and
independent experts a table has been drawn up by the consortium, listing a wide range of relevant
individual technical measures (introduced after 2002) at the engine, powertrain or vehicle level. This
table has been completed by collecting information (e.g. costs and CO, reductions of technical
measures) from the following sources:

9 various stakeholders, e.g. car manufacturers, component suppliers and their European
associations;

independent experts within the consortium and

additional literature review (e.g. [Lotus 2010], [Valentine-Urbschat & Bernhart 2009], [Hucho 2009]
and [Imam et al. 2009)).

f
f

For collecting information from industry a questionnaire has been developed, with clear specification
of the requested data and useful explanations. Consultation of the industry was coordinated through
the associations ACEA and CLEPA and various individual manufacturers and component suppliers.
The European Commission sent this questionnaire to ECEA and CLEPA, which also submitted
responses to this questionnaire themselves.

Information from the various sources has been critically assessed in order to arrive at single point
estimates for the costs and CO, reduction potential (as measured on the NEDC cycle) of individual
technologies to be used as input for the formation of cost curves.

Subsequently, all possible packages of technical measures have been identified in which two or

more of the above technical options can be combined for application in a vehicle. For each package

the overall CO, reduction potential (in [%] comparedtobas el i ne) and additional CcC o
possible package has been determined.

Finally the cost curve approach from [Smokers 2006] is used to assess additional costs at the vehicle
level for packages of technical measures reaching various levels of CO, emission reduction. These
are expressed as continuous cost curves for small, medium-sized and large vehicle running on petrol
respectively diesel.

2.2.3 Cost definitions
In the context of this study three main cost definitions are discerned:
1 manufacturer costs = ex-factory costs assuming large-scale production volumes

1 costs to society, to be used in the calculation of CO, abatement costs = all costs excluding taxes
9 consumer costs = retail price including taxes
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Basic data from different sources on the costs of technological options in this report are compared on
the basis of manufacturer costs. Manufacturer costs include all direct costs to produce a vehicle
(purchase costs of materials and components, tooling costs, labour costs, etc.) as well as a
proportional share of company overheads (R&D, management, marketing, etc.). As said,
manufacturer costs are based on the presumption of large-scale production. (> 100,000 p.a. per
manufacturer)

The costs of technical measures to reduce CO, emissions, which are assessed in the following
chapter, are expressed as manufacturer costs.

2.2.4 Definition of CO, emission reduction potential

The 95 g/km target as defined for 2020 in the CO, legislation for passenger cars, laid down in
Regulation No 443/2009, relates to the average emission of new passenger cars as measured in the
Type Approval test. This test uses the NEDC driving cycle and prescribed testing conditions. As a
consequence all CO, reduction potentials estimated in this report for the purpose of constructing cost
curves are valid for the CO, emission as measured on the Type Approval test.

The real-world (RW) emissions and fuel consumption of vehicles can differ significantly from the
values measured on the Type Approval (TA) test. A description of the physical aspects that
determine this difference and an assessment of the average quantitative relation between RW and
TA fuel consumption and CO, emissions is presented in [Smokers 2006]. In that study an average
factor of 1.195 is derived for use in assessments of net CO, emission reductions and fuel cost
savings over the lifetime of a vehicle. Obviously this factor may change as a result of CO, reducing
technologies that e.g. affect the ratio between part-load and full load efficiency of the powertrain but
this aspect is difficult to quantify within the aggregated approach of this study and is therefore
neglected. The issue may require further study in a future project. The limited availability of hybrids
and other advanced powertrains does not yet allow a statistically sound identification of a possible
difference in the translation factor from type approval to real-world [Ligterink 2010] between these
advanced vehicles and vehicles with more conventional power trains.

2.2.5General considerations

In the assessments presented in section 2.3 the following considerations have been taken into
account:

1 Through economies of scale and learning effects production volumes influence production costs.
Generally new technologies become cheaper as more are produced. The TNO-study in support of
defining the Euro 5/6 legislation [Gense 2006] has suggested that there can even be step
changes in the cost of production as the amount produced increases, which can have a significant
impact on cost estimates. Due to the large number of options and packages of various options
this issue can not be accounted for in detail in this CO, focussed study. Instead literature data
have been used that are derived under the assumption of mass volume production, and also in
the questionnaires industrial stakeholders were explicitly asked to provide data that are valid for
the situation of a mature technology and mass production (> 100,000 p.a. per manufacturer).

1 Experience from [Smokers 2006] has taught that it was quite difficult to know whether or to what
extent considerations on cost definitions and on the relation between costs and production volume
had already been taken into account in available cost estimates. This is generally also the case
for the new information collected for this study.

1 Technical changes made to vehicles in order to comply with Euro 6 emission limits are considered
to have no significant effect on the CO, emissions for new Euro 6 cars. For petrol vehicles this is
based on the fact that the emission limits for new petrol Euro 6 vehicles are only marginally
different from the limits for Euro 5. For Euro 6 diesel vehicles it is assumed that additional energy
losses caused by the applied NO, aftertreatment technology are compensated by the engine
efficiency gains that can be obtained as a result of allowing higher engine out NO, emission.

1 Impacts of legislation concerning safety aspects and the end-of-life vehicle Directive are not taken
into account.
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2.3 Technical options to reduce CO, emissions at the
vehicle level

2.3.1 Technological options for reducing TA CO, emissions from passenger cars

In [Smokers 2006] a list of technical options was identified which could be used to improve the fuel
economy and reduce CO, emissions of passenger cars on petrol and diesel in the period up to 2015.
In this study i namely task 1.1.1, which took the list in the Inception Report as a starting point i that
list has been expanded to also include options that have recently become available but were not yet
in the list or that may become available after 2015 to achieve further CO, emission improvement in
the period up to 2020 and even beyond. As a starting point for the assessment the reduction
potential of individual options is assessed relative to a baseline vehicle.

The baseline vehicles

Using Polk Marketing Systems data from 2002, six baseline vehicles lacking CO, reduction
technologies have been identified, as depicted in Table 6. These values differ from the baselines
defined in IEEP 2004, due to improved insights in the segmentation of specific passenger car
models. The baseline technologies for these six baseline vehicles have been identified as presented
in Table 7.

Table 6 Specifications of baseline vehicles, CO, emissions represent TA values
Averages Petrol, | Petrol, Petrol, Diesel, | Diesel, | Diesel, | Grand Total
Small Medium | Large Small Medium | Large
Total CO,
(g/km) 148.7 188.6 264.2 122.8 157.0 212.9 166.6
Vehicle mass
(kg) 956 1282 1698 1046 1396 1816 1246

Source: developed from Polk Marketing Systems data.

Table 7 Baseline technologies
Petrol, Petrol, Petrol, Diesel, Diesel, Diesel,
Small Medium Large Small Medium Large
Engine 4 cylinder 4 cylinder 4/6 cylinder | 4 cylinder 4 cylinder 4/6 cylinder
layout: in-line in-line in-line in-line in-line in-line
Fuel Multi point | Multi point | Multi point | Common Common Common
system: injection injection injection rail direct rail direct rail direct
injection injection injection
Gearbox: | 5 speed 5 speed 5 speed 5 speed 5 speed 5 speed
manual manual manual manual manual manual
(automatic) (automatic)

2.3.2 Generation of the final data set on CO, reduction potential and costs of various
options used for the cost assessment

CO, reduction potential and costs of individual options

Based on an evaluation of the data obtained from literature (as listed in separate section 2.8) and
from various stakeholders, as described above, a final data set has been constructed, describing the
assumed CO, reduction potential and additional costs (in 2010 Euros) of the various individual
technologies studied in this chapterlz. These data, listed in Table 8 and Table 9, are used as input for
the construction of cost curves and the assessment of the overall costs and CO, abatement costs of
reaching the 2020 target of 95 g/km. These measures do not include full electrification, since this is
not so much a technology to be applied to existing cars with existing petrol or diesel engines, but

12

necessarily represent the Commission's view.
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rather a new powertrain technology. More information on key components in plug-in hybrid and
electric vehicles can be found in task 1.1.9. On the other hand, since hybridisation is an adaptation to
petrol or diesel cars, this technology is taken into account.

The cost data presented in Table 8 and Table 9 are additional manufacturer costs compared to the
2002 baseline vehicle. CO, reduction percentages are relative to the CO, emission of the 2002
baseline vehicle in each segment. Naturally some of these technologies have already been
introduced since 2002 for the purpose of achieving the 2015 target. The additional manufacturer
costs do not represent the retail price increase. In fact, sales prices cannot be forecasted or derived
from manufacturing costs with enough precision to drive policy choices. They are determined by
(among other factors) OEM marketing and product development strategies and often have only
limited relation with the actual costs to develop and build specific vehicles. Additional manufacturing
costs can be estimated more robustly.

The data provided by the various car manufacturers and component suppliers were rather similar,
especially when comparing the reduction potential per Euro. Moreover, these inputs were
comparable with values estimated by TNO and Ricardo experts. Given this observation and the large
number of options assessed in this study and the level of expert judgement that has gone into
interpreting and comparing the data from different sources, numbers presented in Table 8 and Table
9 will not be motivated in detail.

As can be seen from the list, the number of options for petrol cars is larger than for diesel vehicles.
The reason for this is that through the introduction of DI engines diesel vehicles have already made a
significant step in fuel efficiency improvement in the period before 2002.

Moreover from the tables it can be observed that the costs for micro hybridisation is different for the
three different petrol segments but not for the three different diesel segments. For petrol cars
additional battery capacity needs to be installed to operate lighting, cabin ventilation, in car
entertainment and other electrical equipment during vehicle stand still with the internal combustion
engine stopped. Contrarily, diesel cars already have this capacity installed for glow plug operation,
which is not needed for re-starting. Therefore this capacity can be utilized to power other electrical
components during idling. Besides additional battery capacity, a DC-DC converter is also needed to
supply a steady voltage to said electrical components. This DC-DC converter is needed for petrol
and diesel cars alike.

Moreover, in contrary to the 2006 study, in which cost curves for 2012-2015 were constructed, the

measure fAcontinuously variable transmissiono is now
clutch transmissiono, which is based on the same r ¢
efficient measure. As a result the continuously variable transmission is not included in the most cost

effective package of CO, reducing measures.

One further difference requires a reference: on the TNO 2006 study it was decided to attribute only
75% of the additional costs for hybridization (mild + full) to the CO, policy. The motivation for that
was that hybrid powertrains not only reduce fuel consumption but were also believed to have
features that increase the added value to the consumer. Examples of that are increased torque at
low speed, increased peak power, seamless and automated transmission, which contribute to either
performance or comfort.

In this study 100% of the costs for hybridization are attributed to the cost curve and the CO, policy.
The reason for this is that the added value identified above is true in comparison with baseline
vehicles, but is much less apparent in comparison to alternative technologies that may be applied to
reach 95 g/km in 2020. Looking at vehicles that are already coming to the market one can see that
e.g. combinations of direct injection in petrol engines, engine downsizing with application of turbo
compression, and dual clutch transmission with more than 6 speeds are used to create vehicles with
significantly lower fuel consumption and at the same time higher performance and smoother driving.
Overall it is thus still true that technologies applied to meet future CO, targets can have added value
in terms of performance and comfort, but quantifying the differences between different routes for
reaching 95 g/km is a dubious exercise. Furthermore one can argue that although these technologies
also bring added value to the user, the large-scale application of especially the more advanced and
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costly options would not be considered by manufacturers in the absence of CO, legislation. For these
reasons it was decided to attribute all costs to the CO, policy in the current assessment.

As can be seen from the comparison of cost curves in section 2.5, the above described change in
dealing with the costs of hybridization will not affect the costs for reaching 95 g/km. The lower
envel ope of the ifcthefigdes inh Amnéx Apsadenknatgdedy packages based on
various levels of engine downsizing, so that changes in assumptions on hybrid technologies do not
significantly alter the cost curves.
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CO, emissions of passenger cars on petrol, assuming large scale production by 2020
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2.4 Generation of cost curves for packages of technical
measures

Using the methodology as described in [Smokers 2006] those options from the lists in Table 8 and
Table 9 that are technically compatible can be combined into packages of measures. This yields a
large number of possible packages, each with a different overall CO, reduction potential and different
overall costs.

The overall CO, emission Epackageof a vehicle with a package of N CO, reducing options is estimated
as:

n
Epackage = Ebaseline 8 P (l- dl)
i=1
with U; the CO, emission reduction of technical option i relative to the CO, emission of the baseline
VehIC|e Ebase”ne

The additional manufacturer costs Cpackageof a vehicle with a package of N CO, reducing options are
calculated as:

n
C package = a Ci
i=1
with C;j the additional manufacturer cost of technical option i.

Obviously the above formula for assessing the overall CO, reduction potential is a 1% order
estimation which may overestimate the overall reduction achieved by two measures that target the
same losses. As an example, in a combination that includes both engine down-sizing and drivetrain
hybridization the fir st opti on i mproves the enginefs part
to avoid the occurrence of part load operation. The overall efficiency improvement of the combination
of the two options will therefore be smaller than the product of the efficiency improvements estimated
for the individual options applied separately to a baseline vehicle. The estimation of the reduction
potential of a package of options can be estimated correctly by means of dynamical computer
simulation of a vehicle comprising the package of options over a driving cycle. This is a time
consuming and information intensive exercise that could not be performed within the budget and
scope of this study. However, some information from available powertrain simulations has been
incorporated in the process of drawing costs curves. This information has been used to develop a so-
called fisafety margind that is used in this
reduction potentials.

This safety margin can considered to also serve an additional purpose. The cheapest packages for a
given reduction level are not necessarily the technical solutions that yield optimal driveability or meet
other design goals besides CO, emission reduction, and may therefore not be the optimal solution
from a broader design point of view or may be more difficult to market.

It is reasonable to assume that the safety margin is the largest at the end of the cost curve, where
many technologies are combined to reach high reduction potentials, and that the correction factor
should decrease for points on the cost curve with smaller reduction levels. This has been
implemented by defining a correction factor (1 i J) that scales linearly with the reduction level,
starting with 3= 0 in the origin of the outer envelope and increasing to a preset maximum value at the
end point of the outer envelope.

For petrol vehicles the end points of the cost curves are determined using a safety margin 3 of 15%

(or correction factor of 0.85) applied to the theoretical maximum CO, reduction potential. This value

for the safety margin was determined based on information available for vehicles in the medium-size

category and was subsequently used also for the small and large vehicle categories. The 15% is

based on a number of factors:

1 Previous work conducted within the consortium which included extensive simulations; see for
instance the Ricardo Low-carbon Roadmap [Ricardo 2009], [McLaggan 2007];
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1 An expert judgement of the total CO, reduction potential of an example full hybrid vehicle as
available on the market today, but with additional light weighting measures assumed to be
applied to both the body in white as well as other components.

For diesel cars a safety margin 3 = 5% (correction factor 0.95) was applied to the end point. The
process of defining the safety margin was much the same for diesel as for the petrol vehicles™® but
resulted in a lower value. This is caused by the fact that a significant part of the technologies
included in the petrol cost cloud are aimed at improving part-load engine efficiency through reducing
pumping losses. For diesel engines this is not the case and as such, a smaller safety margin was
deemed to be appropriate.

In Figure 5 and Figure 6 the blue dots represent the costs (based on manufacturer cost estimates)
vs. net CO, reduction of the various feasible packages. The green lines represent the constructed
cost curves. Starting point for the x-axis and y-axis in these figures is a 2002 average baseline
vehicle of a given class, without any applied CO, reduction measures. Similar cost curve figures in
which the additional manufacturer costs are plotted as a function of absolute reduction of Type
Approval CO, emissions are shown in Annex B.

* As no diesel hybrids are currently available on the market today, public domain data from prototype vehicles
and production-intended vehicles such as the 3008 hybrid HDi was used.
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Figure 5 Development of cost curves for CO, reduction in petrol vehicles for 2020.
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Figure 6 Development of cost curves for CO, reduction in diesel vehicles for 2020.
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The method for defining the cost curves contains the following steps:
1 Definition of the outer envelope

A Starting point of the exercise is the outer envelope (magenta line in graphs above) of the
cloud of data points indicating costs and reduction potentials of all feasible technology
packages. The outer envelope is described by a set of anchor points.

1 Definition of the end point:

A At the right end side of the clouds there are

reduction potential but different costs. Given the almost equal reduction percentage, the
least expensive package (i.e. the lower of two protrusions) is selected as reference for
the end point of the cost curve.

1 Application of the safety margin:

A To obtain the cost curve (green line) the x-value (reduction %) of every anchor point on
the outer envelope is multiplied by (17 ) with Jlinearly scaling from zero to its maximum
value between X = 0 and the maximum reduction potential indicated by the outer
envelope. This creates a set of anchor points for the cost curve.

1 Fitting of polynomials:

A The cost assessment model used to estimate the costs of meeting the target for
individual manufacturer requires cost curves to be defined as continuous mathematical
functions. To this end polynomials are fit through the cost curve anchor points generated
by the steps described above.

A To be able to accurately describe the non-linearities in the cost curves the curves have
been fitted as N™ order polynomials (y = F @ X with i = 1 to n). To make sure that the
marginal costs are monotonously increasing, the fits have been checked to meet the
criterium that the 1% and 2™ derivative are positive in the range of reduction levels that
are relevant for the assessment (near th

This has resulted in the coefficients a; for the general cost curve formula:

9
y:éai@i

i=1

with x the CO, reduction in [%]*andyt he addi ti onal manufacturer
classes of petrol and diesel vehicles the values for the coefficients, together with the approximate
end points of the cost curves (maximum achievable reduction and associated cost), are listed in
Table 10.

Table 10 Coefficient values and end points for polynomial cost curves for petrol and diesel vehicles in 2020,
relative to 2002 baseline vehicles

a9 a8 a7 a6 a5 ad a3 a2 al End % End
p,S 8.134E+05 -9.302E+05 3.859E+05 -6.922E+04 1.319E+04 6.453E+02 60.1% 5870
p,M 1.207E+06 -1.386E+06 5.381E+05 -7.426E+04 9.017E+03 9.985E+02 61.1% 6775
pL  9.431E+07 -2.233E+08 2.180E+08 -1.121E+08 3.226E+07 -5.187E+06 4.602E+05 -1.672E+04 1.574E+03 61.9% 8265
d,s 2.193E+05 -1.757E+05 5.709E+04 9.584E+01 1.657E+03 53.0% 4711
d,m 4.147E+05 -3.757E+05 1.308E+05 -9.708E+03 2.151E+03 53.0% 5571
d,L -1.549E+05 1.069E+06 -8.804E+05 2.701E+05 -2.236E+04 2.585E+03 52.8% 6946

An overview of the resulting cost curves for petrol and diesel is presented in Figure 7 and Figure 8
respectively. From these figures it can be concluded that in general, achieving equal relative CO,
reductions is more costly for larger vehicles than for smaller vehicles. On a detailed level, this trend
can also be observed for individual measures, for example mild weight reduction, applying
lightweight components other than BIW and low rolling resistance tyres. Moreover the cost curves for
the three petrol vehicles classes are closer to each other than the three cost curves for diesel

% |n [Smokers 2006] the CO, reductions of the assessed measures were defined as absolute values, based on
the average TA CO; emissions within a segment (small, medium or large). However, since the TA CO»
emissions within the three segments can still vary quite much per manufacturer, relative reductions seem
more realistic for vehicles deviating from the average TA CO, emissions within a segment.
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vehicles. This is the result of the cost effectiveness of the various measures being more alike for the
three classes.

In the current study reductions are presented as relative values on the x-axis, while absolute
reductions were used in [Smokers 2006]. As a result the cost curves of the three segments are closer
together in this report. Many assessed measures result in equal relative reductions for the three
segments. Since in general the absolute CO, emissions increase with vehicle size, the absolute
reductions for these measures do as well.

The figures depicted in Annex A show the positions of the packages including the CO, reduction

options o6full hybridisationd and/or 6strong Weight r
hybridisation can also include theopt i on of &éstrong weight reductioné.
hybridisationd move up in the cloud with increasing
terms, the cost of a system for full hybridisation is higher for larger vehicles. The fact that the

packages including o6full hybridisationd move wupward
increasing vehicle size, implies that costs of the o

size than other options.
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Figure 7 Cost curves for CO, emission reduction in petrol vehicles in 2020, relative to 2002 baseline
vehicles.
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Figure 8 Cost curves for CO; emission reduction in diesel vehicles in 2020, relative to 2002 baseline
vehicles.

2.5 Comparison between current and previously
presented cost curves

As stated before, similar cost curves for achieving CO, reduction have been constructed in previous
reports. In 2006 a thorough analysis using a methodology very similar to the one used in this report
resulted in cost curves for the 2012-2015 timeframe [Smokers 2006]. These cost curves have been
used to assess the feasibility of various target levels for 2012 and later for assessing impacts of the
130 g/km defined for 2015. In 2009, a simplified approach was used to generate indicative cost
curves for achieving further CO, emission reductions in the longer term (2020) [Sharpe & Smokers
2009]. These were used in a preliminary assessment of the feasibility of reaching average CO,
emissions of 95 g/km in 2020.

In order to compare the current estimates of costs of CO, reduction by 2020 with previously
estimated costs, cost curves from the previous reports are depicted side by side with the current cost
curves in the graphs below. Since in the 2009 report, cost curves were presented for two scenarios
(strong engine downsizing and hybridisation) the figures below show two 2009 cost curves per
segment.
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Figure 9 Current cost curves for petrol cars in 2020 compared to cost curves presented in [Smokers 2006]
for the 2012-15 timeframe and in [Sharpe & Smokers 2009] for 2020.
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Figure 10 Current cost curves for diesel cars in 2020 compared to cost curves presented in [Smokers 2006]
for the 2012-15 timeframe and in [Sharpe & Smokers 2009] for 2020.
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