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Executive Summary

The aim of the project Sectoral Emission Reduction Potentials and Economic Costs for
Climate Change (SERPEC) is to identify the potential and costs of technical control options
to reduce greenhouse gas emissions across all European Union sectors and Member States in
2020 and 2030.

In this SERPEC sectoral report, we determine the potentials and costs of control options for
the transport sector. The transport sector contributed approximately 20% to the overall
greenhouse gas (GHG) emissions in the EU in 2005. Within the sector, road transport is the
dominant (>90%) source of emissions. Transport emissions are expected to increase further
in the near future and will make up an even bigger part of overall EU GHG-emissions (see
Figure 1).

In 2020, the abatement potential that we identified in this study is 20% below the so-called
frozen technology reference emissions level (FTRL) and 13% below the PRIMES baseline
emission estimate (EC, 2008). In 2030 this is 35% and 18% respectively. The overall
emissions in the transport sector, after implementation of abatement options, are 0.3% below
the 2005 in 2020, and 2% below the 2005 level in 2030 (see Figure 1).
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These rather moderate absolute reductions, despite quite optimistic assumptions on
technology implementation rates, illustrate the very challenging task of achieving absolute
emissions reductions in the transport sector. Note, that two important abatement options,
biofuels and electric cars, may have zero ‘tank to wheel’ emissions but still cause ‘upstream’
emission that were included in our calculations. Reductions in these upstream emissions, for
instance through second generation biofuels and renewable electricity production (for electric
cars) are a prerequisite for strong emission reductions in the transport sector.

The abatement potentials and specific costs are summarized in Table 1 and visualized in
Figure 2. Some 22% (2020) to 29% (2030) of the emissions can be reduced at negative costs.
These options are largely identified in the aviation sector, eco-driving and improved tires
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2020 Name Potential (Mt CO,) SpecificCost
Passenger Aviation1” ATM 15 -168
Passenger Aviation Further Operational procedures 7 -168
Passenger Aviation Improved aerodynamics 6 -150
Passenger Aviation Advanced engines 4 -136
Freight road (trucks) Driver training 8 -132
Passenger road cars diesel Eco-driving 3 -92
Passenger road cars petrol Eco-driving 4 -87
Passenger road cars diesel Tyre Pressure Monitoring System (TPMS) 5 -48
Passenger road cars petrol Tyre Pressure Monitoring System (TPMS) 6 -39
Passenger road cars diesel Low Rolling Resistance Tyres (LRRT) 9 43
Passenger road cars petrol Full hybrid 15 47
Passenger road cars diesel Improved aerodynamics 3 48
Passenger road cars alternative fuels? Biofuels 42 50
Passenger road cars petrol Low Rolling Resistance Tyres (LRRT) 13 55
Passenger road cars petrol Improved aerodynamics 3 63
Passenger road cars diesel Full hybrid 6 70
Freight road (trucks) TPMS 2 104
Passenger road cars petrol New powertrain + weight reduction 54 104
Passenger road cars diesel New powertrain + weight reduction 32 105
Freight road (trucks) Wide-based tires 2 106
Freight road (trucks) Reduced idling (APU) 2 140
Freight road (trucks) Improved aerodynamics 4 200
Passenger road cars alternative fuels Electric cars 16 496

1) note: all reductions are relative to the FTRL baseline, in case of aviation, the identified abatement is already fully included in

the PRIMES baseline estimate (see Figure 1).

2) note: for biofuels we assumed an emissions factor of 43% of the weighted value of petrol (60%) and diesel (40%)
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1 Introduction

1.1 The SERPEC project, transport sector

The SERPEC project

The aim of the project Sectoral Emission Reduction Potentials and Economic Costs for
Climate Change (SERPEC) is to identify the potentials and costs of technical control options
to reduce greenhouse gas emissions across all European Union sectors and Member States in
2020 and 2030. The results are presented in so-called marginal abatement cost curves
(MACC:s) that provide a least-cost ranking of options across technologies and sectors in the
EU. In general, MACCs provide strategic information for policy makers.

All identified abatement options refer to technologies that are applied already today, or will
become commercially viable in the near future. To identify their abatement potentials we
estimated the maximum feasible implementation rates, often governed by the rate of turnover
of existing technology stocks. Costs of mature technologies were assumed constant over
time, whereas costs of relatively new technologies, e.g. wind turbines, were allowed to
decrease over time due to economies of scale and technology learning.

The transport sector

In this SERPEC sectoral report, we determine the potentials and costs of control options in
the transport sector. The transport sector contributed approximately 20% to the overall
greenhouse gas (GHG) emissions in the EU in 2005. Within the sector, road transport is the
dominant (>90%) source of emissions. Transport emissions are expected to increase further
in the near future (see chapter 1.2 below) and will make up an even bigger part of overall EU
GHG-emissions.

This document presents an overview of technical' and some behavioural measures that could
be implemented in the upcoming years in the European road passenger cars, road freight and
aviation sectors (maritime/inland navigation, rail, motorbikes and buses are not included).
These measures, even though not exhaustive, can be considered as a rather "realistic” set of
improvements that can enter the market in the short to medium term. Note that this document
is a support material and does not aim at providing a detailed techno-economic analysis of
each improvement option.

Note that non-technical measures such as speed limits, spatial planning, specific urban measures, charges, etc. are not covered
in this study.
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1.2 Reference case - baselines

Our reference sectoral CO,-emissions development over time was modelled, via a top-down
approach, by the so-called Frozen Technology Reference Level (FTRL) scenario provided by
the PRIMES team (PRIMES, 2008; EC, 2008). This scenario simulates a strong increase of
transport emissions over time due to increasing transport demand, while the technology
characteristics of the sector remain at the (“frozen”) 2005-level (emission factors remain
constant through time). In our bottom-up identification of abatement potentials, we also use
2005 technologies as a reference. Thus, the overall bottom-up identified abatement potential
can be compared with this FTRL scenario from PRIMES (see Figure 3).

In addition, Figure 3 shows the PRIMES baseline scenario (EC, 2008). This scenario
includes autonomous technology improvements as well as (further) implementation of
before-2007 climate policies. Presenting the baseline scenario in combination with the FTRL
scenario and the identified abatement potential will illustrate what fraction of the identified
abatement potential is expected to be covered by ‘autonomous’ technological progress and
implementation of current (up to 2007) policies.
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Some key data underlying these scenarios are given in Table 2.
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2005 2020 2030 Source
Passenger cars (Gpkm) 4,566 5,660 6,226 PRIMES
Passenger cars (energy demand- ktoe) 166,066 198,801 243,921 PRIMES
Number of passenger cars 215,319,895 274,722,987 308,132,165 TREMOVE
Passenger cars CO, emissions (kt-CO,) 482,302 545,377 656,348 PRIMES
Trucks (Gtkm) 1,790 2,486 2,803 PRIMES
Trucks (energy demand —ktoe) 116,993 157,176 183,439 PRIMES
Number of trucks 13,335,517 18,170,327 21,918,785 TREMOVE
Trucks CO, emissions (kt-CO,) 353,976 439,993 501,683 PRIMES
Passenger aviation (Gpkm) 506 858 1,077 PRIMES
Passenger aviation (energy demand — ktoe) 497,45 86,193 118,889 PRIMES
Number of passenger aircrafts 4,670 4,670 4,670 TREMOVE
Passenger aviation CO; emissions (kt-CO,) 147,455 255,499 352,416 PRIMES
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1.3 Reference means of transportation

SERPEC emission reduction calculations are essentially based on a reference situation. A
reference car, plane or truck is characterised by a certain amount of fossil fuel use expressed
in GJ per million passenger-km (cars, planes) or GJ per million tonne-km (trucks) per year.
The fuel savings of a measure is characterised as a percentage savings compared to the fossil
fuel use of a reference car, truck or plane. The reference values were used (the same for all
EU countries considered) are shown in Table 3. For passenger cars, reference values are also
shown in litres per 100 vehicle-km. The exact outcome of the conversion from GJ/mpkm
depends on the occupancy rate used, and the energy content of the fuels. Using an occupancy
rate of 1.58 (Wesselink and Deng, 2009), and an energy content of 34.84 MJ/I for gasoline
and 38.66 MJ/I for diesel (IEA/SMP, 2004), the values in the third column are obtained.

%" $ & $ " B % *904* /
( $ 1 #
Means of transportation Reference value (GJ/mpkm or | Reference value (I/100vkm) for
GJ/mtkm) passenger cars
Passenger car — diesel ‘new’ 1,497 6.1
Passenger car — diesel ‘average current’ 1,633 6.7
Passenger car — petrol ‘new’ 1,632 74
Passenger car — petrol ‘average current’ 1,807 8.2
Passenger car — average 1,745 7.7*
Passenger airplane 3,953
Truck ‘new’ 1,312
Trucks ‘average current’ 1,535

*assuming 28% of EU fleet consists of diesel cars and 72% consists of gasoline cars (TREMOVE, 2008)
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1.4 Abatement measures and effects

In this study we have identified a number of measures to further reduce emissions relative to
the baselines shown in Figure 3. A summary overview is given below.

Road transport -measures

Passenger cars: Some of the most relevant improvement options that are likely to be
implemented in the short to medium term in the EU passenger car fleet and that are
considered in this study are (in parentheses it is indicated whether options apply to new cars
that enter the fleet or can be retrofitted to the entire fleet):

Reducing aerodynamic drag (new);

Reducing rolling resistance (new (TPMS)/retrofit (LRRT));

Advanced powertrains and weight reduction (new);

Hybrid technology (new);

Biofuels for road transport (retrofit);

Eco-Driving (retrofit);

H,-fuel cell cars or Electric cars — the latter has been included in the scenario (new).

The 'Eco-Driving' option is the only non-technical measure treated here (even though the
Eco-Driving option is partially technical since the Gear Shift Indicator system is to be used).

Most of the improvement measures considered for passenger cars stem from the analyses
carried out in the framework of the IMPRO-car project (Nemry ef al., 2008) and the TNO
study (TNO, 2006) and have been updated where possible.

Road freight: There are important potential energy savings expected from the road freight
sector (see e.g. Faber Maunsell, 2008). In the present study we will consider five
improvement options:

Improved aerodynamics (new);

Use of a tyre inflation control system for reduced rolling resistance (hew);
Use of wide-base tyres (new);

Reduce engine idling (retrofit);

Driver training (retrofit).

Other technical options such as advanced engines (e.g. HCCI), advanced injection, hybrid
trucks (e.g. stop and go systems) etc. and non-technical measures such as better fleet
management (through GPS-based systems, etc.) are not covered in this study due to either
low expected potential reductions, limited data about the related costs or to very speculative
market introduction scenarios.
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The potential fuel and CO, emissions savings of the options identified in this study are based
on literature. The U.S. Environmental Protection Agency (EPA) under the SmartWay
Transport Partnership? was widely used here. However, since the EU and U.S. truck fleet are
different (in terms of technology, costs, market situation, etc.), further assumptions and other
sources have been added.

Road transport: calculating the effects

As a reference for the improvement options in road transport, an EU-average ‘2005’
passenger car or truck was defined, based on TREMOVE data (TREMOVE, 2007). Two
types of passenger cars were taken into account: gasoline and diesel cars. The volume of this
fleet (expressed in passenger- or ton-kms) grows according to the PRIMES baseline scenario
(EC, 2008) whereas the volume growth in terms of number of total and new vehicles was
taken from the TREMOVE scenario (see Table 2). On average, each year 8% of the
passenger car fleet is renewed, for freight transport this is 5%.

Assessing the market penetration of each measure is a critical issue. It is important to keep in
mind that the implementation of an improvement option can either benefit to the entire fleet
or only to the new fleet. As an example, if a technology applies to all new vehicles in 2010,
its potential fuel savings in 2020 would be obtained by considering the cumulative new car
fleet between 2010 and 2020. Most of the market penetration levels assumed in this study
stem from literature and are subject to many uncertainties.

Calculation of CO, savings consists of two steps: calculating investment costs of
implementing the measure and benefits through fuel savings, and calculating CO, savings
through fuel savings. For electric cars, these calculations take into account increased costs
due to electricity purchase and decreased CO, savings through electricity use. Investment
costs are annualised using the measure’s lifetime. CO, savings are calculated by taking into
account the emission factors of the fuels saved (and for electric cars these are corrected for
the electricity used).

Aviation — measures

Four measures are considered in this study:
Improved aerodynamics (retrofit);
Advanced engines (new);

Improved Air Traffic Management (ATM) (retrofit);
Further operational measures (retrofit).

The potential reductions in fuel consumption/CO, emissions of these options were mainly
derived from the UK DfT (DfT, 2007) and IPCC studies (IPCC, 2000). In addition

2
http://www.epa.gov/smartway/
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information from annual reports from Boeing (Boeing, 2007) and Airbus (Airbus, 2007) was
used.

Aviation: calculating the effects

Effects of measures in the aviation sector are calculated in the same way as described above
for road transport.

Contrary to road transport, the 2005 reference for the aviation sector was derived from the
EEA/Eurostat database, available on the DG TREN website (DG TREN, 2007). According to
the TREMOVE forecasts (TREMOVE, 2007), the total aircraft fleet (in terms of number of
airplanes) stays constant over time in all European countries. However, as the average
lifetime of an aircraft is approximately 40 years, we have assumed that there is fleet renewal
over time. The number of passenger-kms grows over time according to the PRIMES
scenario. This means that either the average number of passengers per aircraft will increase
in the future, or aircrafts will be used more often.



SERPECcC

1.5 Abatement costs

The general method applied in the SERPEC project to calculate specific abatement costs is
explained in the textbox below.

The specific costs of measures in € per ton CO; abated

Abatement costs of measures are calculated from the sum of annualised investment costs and annual
operating and maintenance costs minus the annual financial savings from the measures’ energy
efficiency improvement, divided by mean annual emission savings of the measures:

annualised capital costs + annual O & M - annual energy cost savings

specific costs = —
Annual abated CO2 emissions

Capital costs are annualised over the technical lifetime of the measure using a discount rate of 4%.
This value is similar to government bond rates. The annual operation and maintenance costs are
assumed to remain fixed over the depreciation period. Energy savings are calculated against energy
prices before taxation (see main text).

The costs refer to the extra costs compared to the reference situation. In the case of so-called retrofit
measures, the extra costs are the same as the overall costs of the measures, because the reference is
‘not taking the measure’. In the case of new stock, e.g. a new car or new production capacity, the extra
costs are a case specific estimate (see main text).

The overall costs calculation is also referred to as ‘social costs’. The method allows for comparison of
the ‘bare’ costs of technologies, across measures, sectors and countries. A negative cost number
indicates that from a social perspective there will be a net welfare gain from taking these measures, a
positive cost number indicates a net welfare loss.

Note, that the so-called ‘end-user’ perceives higher energy prices and discount rates. As a result the
cost-curve from an end-users perspective looks different.

Additional costs associated with each technical measure refer to additional manufacturer
costs per vehicle/aircraft. As defined by TNO (2006), manufacturer costs include “all direct
costs to produce a vehicle” (purchase costs of materials and components, tooling costs,
labour costs, etc.). If not directly available, manufacturer costs can be estimated from retail
prices by assuming that manufacturer costs account for about 60%, on average, of the vehicle
retail price in Europe.

In most of the cases, these additional costs were assumed to remain constant over time.
However for H, cars, electric cars and full hybrids we assumed that economies of scale and
learning effects will reduce the costs of these technologies over time. For H, cars, electric
cars and full hybrids, a progress ratio of 0.83 was assumed (Ros & Nagelhout, 2009). This
ratio indicates that when production volume doubles, production costs decrease with 17% (1-
0.83).

Energy prices assumed in the transport calculations are given in Table 4. The prices
‘excluding taxes’ represent ‘social’ prices, while those ‘including taxes’ represent end-user
prices. Similarly, a discount rate of 4% was used for the calculations from a ‘social’



perspective, while a discount rate of 9% was used for the calculations from an ‘end-user’

perspective.
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%" * # " 6* 8*3 - )
Excluding taxes Including taxes
2020 2030 2020 2030
Kerosene €/GJ 13.7 14.7 13.7 14.7
Retail electricity £€/GJ 29.5 32.2 41.1 44.2
Fossil fuel (transport) €/GJ 12.6 14.1 32.3 34.1
Biofuel £/GJ 15 15 34.7 35

Source: PRIMES (EC, 2008; PRIMES, 2008)

The CO, emissions factors association with fuel savings as used in this study are given in

Table 5.

%" 30 & $ $ " $
Fuels, emissions per kWh (Net Calorific Value / Lower Heating) tCOzq/ MWh
Diesel (Emissions per net kwWh) 0.2981
Petrol (Emissions per net kWh) 0.303
Kerosene / Burning Oil / Aviation Turbine Fuel (Emissions per net kWh) 0.2922
Biofuel" 0.13
Electricity? 05

1)  Weighted emission factor: 60% emission factor petrol, 40% emission factor diesel. Biofuel saves 57% with

respect to this weighted emission factor.

2) Average reference emission factor electricity as used in all SERPEC sector reports.
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2 Emission reduction options and costs:
Passenger cars

2.1 Reducing drag resistances

It is generally known that both the aerodynamic and rolling resistances have major influences
on vehicle fuel economy. The contribution of the rolling resistance (associated with the
deformation of the tyres), the aerodynamic drag® and the inertia force on fuel consumption
highly depend on the driving cycle (Duleep, 2005). Whereas the inertia force is predominant
in the city, it is no longer the case for the motorway cycle where drag forces (aerodynamic
and rolling resistance) account for about 70% of the total fuel consumption (note that the
aerodynamic forces are not really important up to 60 km/h).

2.1.1 Improved Aerodynamics

The aerodynamic drag performance is usually quantified through the drag coefficient (Cp) or
rather the drag area (CpA)*. Typical modern cars have an aerodynamic drag coefficient Cp
between 0.3 to 0.4 or even less. Around 3-5% less consumption per car between 1980 and
1985 was achieved by means of aerodynamic improvements (Elena, 2001).

At the same time, the EU vehicle fleet is constantly evolving with spacious and more
comfortable cars (e.g. SUVs with higher frontal areas such as family vans), which makes
aerodynamic optimisation more challenging.

Potential energy savings

It is generally assumed that a 10% decrease in Cp could lead to fuel savings of about 0.2 to
0.3 1/100 km depending on the driving cycle. In order to reduce the aerodynamic drag area
(CpA), engineers still rely on experimental studies (wind tunnel testing), simulation tools
(e.g. CFD software) and optimisation methods to design the car shape.

There are several ways to reduce aerodynamic drag. Even if the overall shape of the car has
the biggest influence on the drag coefficient, many improvements regarding the car
underbody, cooling systems, rear view mirrors, etc. may contribute to drive the drag
coefficient down. However, many of the improvement options will most probably face
design conflicts with customers’ desires for comfort and safety issues. As a result, these

3 Resistance applied to a body as it passes through the air, caused by pressure and friction.

4 The product of the frontal area by the drag coefficient is called the drag area (m?). This value is widely used as it enables
comparisons to be made in terms of the aerodynamic efficiency of different cars. For instance, the drag area of the Peugeot
206 is around 0.65 m? (Cp = 0.32; A = 2.03m?).
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changes are not expected to entail substantial improvements and it is likely that the remaining
options for further improvements will be incorporated in the new vehicles as part of an
autonomous and continuous development. A slow evolution in the short and mid-term is
therefore expected.

As a rough estimation, it was concluded that aerodynamics could reduce fuel consumption
from 1% to 4% in the coming years. In this study, a 1.5% reduction was assumed (TNO,
2006). This result would, however, be achieved through important R&D efforts in
aerodynamic design but still limited due to the design constraints mentioned above. Note that
this average value highly depends on driving conditions (vehicle speed).

Additional costs

It is very difficult to estimate additional costs related to aerodynamic improvements. The
California Air Resources Board (CARB, 2004) estimated that reducing fuel consumption by
1.5% to 2% through aerodynamic improvements would cost between $0 to $125 RPE® (i.e.
from €0 to €105). TNO et al. (TNO, 2006) assessed an average manufacturer cost of €75 for
a 1.5% fuel reduction, whatever the vehicle type. Here, we assume an additional
manufacturer cost of €75 per vehicle, on average.

Market penetration rate

Aerodynamics improvements will affect new cars. Here we assumed that 78% and 100%
(2030) of the cumulative new car fleet (since 2005) will benefit from this new technology.

2.1.2 Reducing rolling resistance

The performance of tyres is characterised through the rolling resistance coefficient. Tyres are
directly responsible for about 15% to 30% of typical fuel consumption, depending on driving
conditions. It is generally considered® that a 10% reduction in tyre rolling resistance yields a
fuel saving of 1% to 2.5%, depending on driving conditions, road surface, driving style, etc.
Obviously, there is a significant technical potential related to fuel savings from tyres, and two
options are particularly relevant:

the use of low rolling resistance tyres (LRRT);

the regular control of their pressure by using the tyre pressure monitoring system
(TPMS).

° Retail Price Equivalent.

6 As an example, the California Air Resources Board (CARB) estimates that a 10% reduction in rolling resistance would result
in 2% CO, reduction (http://www.arb.ca.gov/cc/042004workshop/final-draft-4-17-04.pdf).




SERPECcC

Potential energy savings

Low Rolling Resistance Tyres

The replacement of certain quantities of carbon black with silica in the tyre's tread
composition can result in a reduction of rolling resistance up to 20% which could save up to
5% of fuel. Globally, the use of LRRT can decrease fuel consumption by approximately 2-
5%, depending on driving conditions. Here, we consider an average reduction potential of
3% (TNO, 2006).

Concerning the market situation, there are usually two separated tyres market i.e. tyres
equipping new vehicles (original equipment manufacturer) and replacement tyres.

The Tyre Pressure Monitoring System (TPMS)

Driving with under-inflated tyres increases the rolling resistance and then increases tyre wear
(reducing lifespan) and fuel consumption (Stock, 2005). The use of a tyre pressure
monitoring system (TPMS) is an available technical solution to cope with this problem.
Globally, there are two main types of TPMS: the direct and indirect systems’. In the first
case, the tyre pressure is directly measured, while in the second case, the system estimates
differences in pressure by comparing the rotational speed of the wheels. In both cases, the
driver is informed when the pressure in one (or more) tyre(s) falls below a pre-determined
level. Unless the TPMS is connected to a self-inflation system, the driver should stop the
vehicle and inflate the tyre.

An ideal maintenance would lead to a fuel consumption reduction (and CO, emission) of 1%
to 2.5% in Europe (Penant, 2005). The introduction of an accurate TPMS on all new vehicles
from 2008 would significantly increase fuel economy (by 3-4% for 30-40% of the fleet).
Here, a 2.5% reduction potential is assumed.

TPMS can be mounted in most existing vehicles but their market is currently developing and
some manufacturers (e.g. Schrader Electronics) are only selling it at original equipment level.
Since this technology is expensive when retrofitted (system cost, labouring cost and
additional equipment cost), TPMS implementation is expected to remain to the original
equipment market.

Market perspectives

Due to its wide market potential and even if a large deployment of TMPS is expected® in the
short term, it is still difficult to anticipate the market penetration rate in Europe. Recently, the
Commission Proposal on the "General Safety of Motor Vehicles" reported that the TPMS
measure will be required on new car types from October 2012 and on existing types from

! Hybrid systems also exist that combine direct and indirect technologies.

8 See e.g. Yole studies at: http://www.yole.fr/pagesAn/products/pdf/tpms.pdf
See also http://www.just-auto.com/store/product.aspx?ID=40661&Ik=sm

o See e.g. http://www.unece.org/trans/doc/2008/wp29grrf/ECE-TRANS-WP29-GRRF-S08-inf07e.pdf




SERPEC.2S

October 2014. The expected CO, reduction potential is around 3.2 g/km for a typical car,
which corresponds to our assumptions (TNO, 2006). Policy regulations related to the
implementation of LRR tyres is less clear than for the TPMS (not restricted to new vehicles;
LRR tyres affect the whole car fleet).

For both the LRRT and TMPS options, we consider the fleet market penetration rate
provided by TNO er al. (TNO, 2006) under the 1% scenario until 2020 (i.e. compulsory
introduction of these technologies by 2010 through legislative measures). In this scenario it is
assumed that 56%, 94% and 100% of the total car fleet would be equipped with LRRT in
2010, 2015 and 2020 respectively while 48% (2015), 88% (2020) and 100% (beyond 2020)
would be equipped with TPMS.

Additional costs

Additional manufacturer costs for LRR tyres as well as for the TPMS are derived from TNO
et al. (TNO, 2006):

LRRT: additional manufacturer costs ranging from €20 to €70 are generally found in
literature (per set of tyres). Here we assume an average additional cost of €30;

e TPMS: there are important cost variations between different TPMS technologies. It
is estimated that additional costs of TPMS vary between €40 and €65 depending on
whether the system is direct (€65) or indirect (€40). Despite its higher cost, the direct
system is more likely to enter the EU market in early years (they are more accurate
and reliable than indirect systems). We assume an incremental cost of €65.
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2.2 Advanced powertrains and weight reduction

Potential energy savings and additional costs

We analysed several advanced technologies that can improve powertrains of current vehicles.
These measures are likely to be implemented in the short term (2010) on new vehicles. The
IMPRO-car project (Nemry et al., 2008) provided a list of technical measures along with
their potential CO, reductions and additional manufacturer costs. In the current study, we
added a ‘strong weight reduction scenario to the existing technology package stemming from
the IMPRO-car project. The potential reduction and associated costs of this measure were
taken from (TNO, 2006) for medium cars. All the figures are summarised in the tables below
for petrol cars (Table 6) and diesel cars (Table 7). It should be noted that these values are
estimates only and are subject to some uncertainties, e.g. type of reference car considered.
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ENGINE Petrol cars (medium) Average CO, reduction Add. manufacturer
potential (%) costs (€)

Reduced engine friction losses 4 50
DI/homogeneous charge 3(1.5-3) 150
(stoichiometric)
Dl/stratified charge (lean burn, complex 10 400
strategies)
Mild downsizing with turbocharging (5) (260)
Medium downsizing with turbocharging 10 (9-10) 300
Strong downsizing with turbocharging 12 450
Variable valve timing 3 (3-3.5) 150
Variable valve control 7(7-8) 350
Cylinder deactivation
Variable compression ratio (6)
Optimized cooling circuit (E-thermostat, 15 (1.5-1.7) 35
oil-water heat exchanger, split cooling)
Advanced cooling circuit + electric 3 (3-3.5) 120
water pump + heat storage

TRANS- Optimised gearbox ratios 15 60

MISSION Piloted gearbox 4 350
Continuous variable transmission
Dual-clutch 5 700

BODY Strong weight Reduction 5.8 294
(30% BIW = 9% vehicle weight)
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ENGINE Diesel cars (medium) Average CO, reduction Add. Manufacturer
potential (%) costs (€)
Reduced engine friction losses 4 50

4 valves per cylinder

Piezo injectors
Mild downsizing with 3 150
turbocharging

Medium downsizing with 5 200
turbocharging

Strong downsizing with 7 300
turbocharging

Cylinder deactivation

Optimized cooling circuit 15 35

Advanced cooling circuit + 3 120
electric pump water

Exhaust heat recovery 15 45
TRANSMISSION | 6-speed manual/automatic gearbox

Piloted gearbox 4 350

Continuous variable transmission

Dual-clutch 5 700
BODY Strong weight reduction 6.3 333

(30% BIW = 9% vehicle weight)

In a second step, and in order to explore different combinations and define an overall
potential emerging from these technical solutions, several technology routes of
engine/transmission options were analysed with a total of 16 combinations for petrol cars and
8 for diesel cars. For each combination, both total CO, reduction potential and additional
costs were estimated based on the values given in Table 6 and Table 7. One route can
combine different options depending on their compatibility level (see e.g. (Nemry et al.,
2008)). For our current study, the following ranges of potentials and costs were obtained:

The potential CO, reductions for medium sized petrol cars vary from 20.5% to 35%
while the additional manufacturer costs vary from €1104 to €2074. On average, a
26.6% CO, reduction potential combined with an average cost of €1502 is obtained.

For medium sized diesel cars, the range is rather 17-24% of CO, reduction combined
with €1033 to €1548 of additional manufacturer costs. The total potential is then
given by 21.3% of CO, reduction with an average additional cost of €1291.
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One way to address the "advanced powertrain™ option would be to consider the average
potential reduction and costs values. However, due to the time horizon of the scenarios
defined in this project (2020, 2030), and the ambition of the SERPEC project to estimate
technical potentials, we have selected the maximum potential reductions obtained from these
ranges i.e. 24.1% potential reduction (€1548) for diesel cars and 35% potential fuel savings
(€2074) for petrol cars.

Market perspectives

Advanced powertrains will affect the new petrol/diesel cars. Here we assumed that 68%
(2020) and 80% (2030) of the cumulative new fleet (since 2010) will be equipped with this
technology. However, these implementation potentials have to be corrected for possible
overlap between measures (electric cars, full hybrids, new powertrains + weight reduction).
Therefore, the market implementation potentials were calculated as shares of total diesel and
petrol fleet, and vary per country. The EU27 average for the petrol fleet: 2% of the total
petrol fleet in 2010, 41% in 2020, and 61% in 2030. The EU27 average for the diesel fleet:
4% in 2010, 47% in 2020, 67% in 2030.
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2.3 Full Hybrid Cars

Contrary to conventional ICE engines, in hybrid electric vehicles (HEVS) one power source
delivers electrical energy. There are different HEV configurations that differ regarding the
capacity of the electric motor, the cost, the performance and other benefits. The type depends
on how the electric motor contributes to the propulsion of the vehicle and in what proportion
(Maggetto & Van Mierlo, 2001). There are typically three types of hybrid electric vehicles™
namely micro, mild and full hybrids. In this study, only the full hybrid configuration is taken
into consideration due to its greater environmental benefits and market potential. A full
hybrid vehicle can be powered by the electric motor or the engine independently, or together.
The electric motor and the ICE provide different levels of power (a full hybrid electric motor
typically provides around 40% of the maximum engine power as additional torque). The
electric motor can be used as the sole source of propulsion for low speed, low acceleration
driving, such as in stop-and-go traffic or for backing up. Batteries on full hybrids are larger
and more powerful than those on mild hybrids. The most common types of full hybrid
electric vehicle systems are 1) parallel hybrid, 2) series hybrid, and 3) power-split hybrids,
depending on the configuration of the electric machine, the combustion engine and the
transmission. For parallel hybrids the electric motor and the engine are hooked up in parallel
to the same transmission. For the series hybrid, the traction is given by only one central
electric motor or by wheelbulb motors. Finally, the power-split hybrid or combined hybrid
(Maggetto & Van Mierlo, 2001) is a combination of a series and a parallel hybrid powertrain.
This technology is the one used by Toyota (Prius model) that benefits from both the parallel
and series hybrid concepts.

The clear advantage of hybrid cars is the higher energy performance (and lower CO,
emissions) when compared to the current common car. The environmental benefits are the
largest in urban and rural driving conditions. On average, fuel savings with a full hybrid can
range from 15% to 25% depending on the technology type and the driving conditions. TNO
et al. (TNO, 2006) reported that full hybrids can reduce fuel consumption by 22% and 18%
respectively for petrol and diesel hybrids.

Potential reduction from Full Hybrid petrol cars

A significant market penetration of full hybrid petrol cars is expected to start in 2010. Test
approval measurements of the fully hybrid Toyota Prius show a high performance of both
CO, emission and regulated air pollutants'. These performances are the highest under urban
cycle and much lower on motorways. When looking at the CO, type approval data, the
Toyota Prius is shown to have up to 40% improvement compared to the average petrol car
sold today.

1o Fuel cell vehicles are also included but they will be covered in a different chapter.
11See e.g. http://www.hybridsynergydrive.com/en/prius_emissions.html
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One important aspect to be noted when considering performance is the fact that the Toyota
Prius combines different innovations, including the hybrid powertrain, improved ICE, a low
aerodynamic drag coefficient and a high performance air conditioning system.

Potential reduction from Full Hybrid diesel cars

Hybrid diesel is likely to enter the market in around 2015, even though PSA Peugeot Citroen
announced by 2010. Some research is still being undertaken in development of the diesel
hybrid. For this reason it is still difficult to gather large samples of measurements and make a
full comparison of both cars. The diesel hybrid car is expected to result in even higher
benefits (around 30%) when compared with the current conventional diesel car.

The objectives stated by PSA Peugeot Citroen with the two demonstrators featuring a diesel-
electric hybrid powertrain, the Peugeot 307 and the Citroén C4 Hybrid HDi, is to cut CO,
emissions and reduce fuel consumption by as much as 25%. The PSA hybrid technology
combines the HDi diesel engine 1.6 1 (and also particulate filter) with the stop and start
system (STT), an electric motor, an inverter and high voltage batteries.

In the present study it is assumed that hybrid vehicles (petrol and diesel) lead to an average
25% potential energy savings in the short term (2010-2015). In the medium to long term
however their potential reduction is very likely to increase (e.g. through improvements in
battery technology). In this study we assumed that up to 40% of energy savings might be
achievable by 2030

Additional costs

Globally, the cost of hybridisation corresponds to the additional energy storage device (e.g.
battery, supercapacitor), electric motor/generator, and motor controllers. For hybrid vehicles
already on the market, their average price lies around €3000-€5000 higher than that of a
comparable conventional model. These additional costs mainly depend on costs of power
electronics and the battery system (the battery usually accounts for 30% to 50% of the
additional cost for HEVS).

Currently the additional costs of diesel hybrids are too high (around €6000 per vehicle) to
compete with conventional technologies. A diesel engine typically costs around 10% more
than a petrol engine with similar power, even without the cost of adding an electric motor,
batteries and the electronics to run them. This technology is promising only if the additional
costs can be reduced. Further R&D is needed relating to the costly systems i.e. high voltage
batteries, electric motors, inverters and regenerative braking. However, PSA Peugeot Citroen
predicts that this additional cost will be driven down to €2000 by 2010-2015; it does,
however depend on a large number of factors. For this purpose, PSA Peugeot Citroen has
launched an important research programme but most of the critical decisions will be taken in
the very short term.
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It is therefore very difficult to anticipate the uptake of this technology and to assess the
additional costs. The same average additional manufacturer costs as those considered by
TNO et al. (TNO, 2006) are assumed here, namely €3500 per vehicle, for both petrol and
diesel hybrids (medium category). Over time, due to economies of scale and technology
learning these costs decline (see Table 8).

An in-depth analysis of economic aspects and market potential of hybrid vehicles was carried
out by Christidis er al. (Christidis et al., 2005).
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Hybrid petrol 2005 2010 2015 2020 2025 2030
% hybrids in total fleet* 0% 1% 6% 10% 15% 20%

total EU petrol fleet (nr. of cars) | 1.55E+08 | 1.49E+08 | 1.53E+08 | 1.63E+08 1.73E+08 1.83E+08

hybrid petrol car fleet EU 0 1,491,930 9,181,414 16,256,296 | 25,961,568 | 36,691,057
costs (euro/unit) 3,500 2,147 1,842 1,624 1,480
Hybrid diesel 2005 2010 2015 2020 2025 2030

% hybrids in total fleet* 0% 0% 1% 5% 10% 14%

total EU diesel fleet (nr. of cars) | 6.06E+07 | 8.46E+07 | 1.01E+08 | 1.12E+08 1.20E+08 1.25E+08

hybrid diesel car fleet EU 0 0 1,007,943 | 5,608,001 11,968,554 | 17,454,763

costs (euro/unit) 3,500 3,500 2,206 1,800 1,626

* see next section

Market perspectives

In 2006, the HEV market remains a niche market in Europe (less than 0.5% of new vehicles
sold). European vehicle manufacturers are still not confident about introducing hybrid
vehicles, with most manufacturers like Ford, Opel, and VW regularly delaying their plans to
launch HEVs.

PSA Peugeot Citroen plans to market the first diesel hybrid by 2010-2015. Their challenge is
to develop diesel hybrid vehicles to be much more fuel efficient than current hybrid-petrol
cars. At the beginning of 2006, PSA unveiled two demonstrators featuring a diesel-electric
hybrid powertrain, the Peugeot 307 and the Citroén C4 Hybrid HDi. The objective is to cut
CO, emissions and reduce fuel consumption by as much as 25% through combined
powertrain and vehicle actions.

The main technical problem to be overcome in the short future concerns the electric energy
storage (battery). Because of insufficient charge acceptance and limited charging times, lead-
acid batteries do not have the performance required by hybrid cars. Indeed, hybrid cars
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require fast charging batteries with stable cycling performance, high power and energy
density (Van Mierlo er al., 2006). These conditions can be fulfilled by using nickel metal
hydride (NiMH) or Li-ion batteries. The future of HEVs will therefore highly depend on the
development progress in battery technology.

In this study, the market penetration rate for diesel hybrid cars is assumed to be 1% in 2015,
5% in 2020, 10% 2025 and 14% in 2030, with respect to the diesel vehicle fleet. The market
penetration rate for petrol hybrid cars is assumed to be 1% in 2010, 6% in 2015, 10% in
2020, 15% in 2025, and 20% in 2030. This scenario is a trade-off of results from TREMOVE
(previous versions) and scenarios developed under the WETO-H2 project (WETO-H2,
2005).
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2.4 Eco-Driving

It is widely recognised that driving behaviour significantly affects fuel consumption and air
emissions of vehicles. Many studies have compared vehicle emissions from the so-called
"eco-driving style" on the one hand with the "normal average" style on the other. Generally
speaking, eco-driving means that the driver should follow a long list of rules*? such as:

shift from a higher gear below 2 500 rpm for petrol cars and 2 000 rpm for diesel

cars;

maintain a steady speed in the highest gear possible;

look ahead and anticipate traffic flow;

no abrupt accelerating or breaking;

switch off the engine at short stops;

remove unnecessary loads from the vehicles as well as unused roof/rear racks;

check and adjust tyre pressure regularly, etc.
It is very important to distinguish between the short term and the long term achievable effects
of eco-driving since the benefit tends to decrease over time.

Short term effects

Short term effects are the effects obtained directly after a training course. In this case, it is
assumed that drivers may save between 5% and 25% of fuel, depending on their driving
style. However, in practice, the average impact of eco-driving on fuel consumption is rather
10% (TNO, 2006). In literature, most of the studies assessed the impact of eco-driving just
after instruction to the drivers.

Long term effects

Due to the effectiveness and durability of training, the effects of eco-driving decrease over
time. In practice, it is assumed that "long term effects” correspond to overall achieved effects
about one year after training. TNO et al. (TNO, 2006) estimated these achievable effects to
be about 3%, while literature gives a typical range of 2%-3.5%. Other sources (e.g. ACEA)
assume even higher long term effects (7% under every-day driving conditions). A further 3%
improvement can be expected from the introduction of an advanced, "intelligent” gear shift
indicator system (GSI) targeting a high acceptance rate and perceived as a valuable driver
assistance system (without supporting eco-driving training, just the GSI impact itself).

Here, we only quantify the potential reduction of eco-driving on fuel consumption (and then
CO, emissions) in the long term i.e. about one year after training, as defined previously. It is
assumed that long term effect of applying eco-driving with the aid of GSI can reduce fuel
consumption by 4.5% (TNO, 2006) (3% from eco-driving lessons plus 1.5% due to the sole
effect of GSI).

12 See also http://www.ford.com/en/goodWorks/environment/airAndClimate/ecoDrivingTips.htm.




SERPECcC

Market perspectives

We assumed that eco-driving applies to 20% (2020), 38% (2025) respectively 70% (2030) of
the total car fleet.

Costs estimates

The cost of eco-driving has also been accurately examined by TNO et al. (TNO, 2006). They
refer to the costs of dedicated eco-driving lessons, government campaigns and also the costs
of GSI devices. The costs of lessons are set at €100 whereas the additional manufacturer cost
of GSI is €15 (€22 additional retail price). Knowing that these €115 can result in 4.5% fuel
consumption reductions in the long term (assuming duration of the effect of 25 years), there
is no doubt that eco-driving can be a cost effective means of cutting CO, emissions of
passenger cars.
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2.5 Alternative energy for road transport

In this section we focus on potential emission reductions that can be obtained from the use of
biofuels, hydrogen (combined with fuel cells) and electric cars. In our study we did not
consider potential benefits from the use of natural gas-based vehicles (LPG and CNG).

2.5.1 Biofuels

Besides fossil-based fuels, renewable energy currently supplies a very small part of the final
energy consumption by road transport. Although remaining low, the contribution of biofuels
in the road transport energy supply has grown from 0.3% in 2001 to 1.8% in 2006 and 2.6%
in 2007,

Conventional biofuels

For biodiesel, two important pathways for production are based on oilseeds from crops such
as rapeseed and sunflowers. Oilseeds are crushed to produce vegetable oil and oil cake, a by-
product used for animal feed. Vegetable oil is combined with alcohol (methanol or ethanol)
and transformed into biodiesel, with glycerine as a by-product. Biodiesel can be distributed
by road tanker or ship to refineries or depots where it is blended with diesel fuel or sold in its
pure form at fuel stations.

For bioethanol, the main raw materials used to date are sugar cane (Brazil), corn (US),
sugarbeet and wheat (Europe), which are processed by traditional fermentation*. Ethanol
from sugarbeet and wheat produce DDGS (dried distillers grains with solubles) and pulp for
animal feed as well as electricity for the production process.

Advanced biofuels

Advanced (or "second generation") biofuel production processes can make use of a wide
range of by-products (such as straw) and woody biomass with a higher availability and thus
lead to lower GHG emissions (Edwards et al., 2006). Compared to conventional biofuels,
this implies a lower repercussion on food and fodder markets and enables the use of crops
that are more environmentally benign (EEA, 2006).

Second generation biofuels such as ligno-cellulosic ethanol or Fischer-Tropsch-diesel are
expected to enter the market in the coming decades (see e.g. Hamelinck & Faaij, 2006). They
are likely to be more expensive than conventional biofuels in the early years (Edwards et al.,
2006), but are expected to decrease afterwards and it is likely that the production costs of
first and second generation biofuels will converge over time.

18 See the EU Biofuels Barometer from the EurObserv'ER website: http://www.eurobserv-er.org/pdf/baro185.pdf

14 Bioethanol can be produced from any biological feedstock containing sugar or that can be converted into sugar such as starch
or lignocellulose.
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Environmental benefits and costs

Biofuels can be used either in low blends or in high concentrations (up to 100% for biodiesel,
E85 or E95 for ethanol). For ethanol, a blend of 85% ethanol and 15% petrol (E85) is
typically used in flexi-fuel-vehicles (FFVs)™. The 15% petrol improves the cold start ability
by increasing the vapour pressure. Note that FFVs (e.g. Ford Focus/C-MAX, Saab 9-5,
Volvo C30/S 40/V50) are already sold in different markets of the EU, particularly in Sweden.

CO, emissions (and more generally GHG emissions) related to biofuels highly depend on the
upstream emissions generated during their production process. Tank-to-Wheel CO, emissions
of biofuels can be seen as approximately of "carbon neutral” and are considered not to
contribute to climate change. In contrast, Well-to Wheel (WTW) CO, emissions from
biofuels cannot be seen as ‘carbon neutral’. These WTW emissions can be obtained
depending on the production route considered®® (Edwards ez al., 20086). It is out of the scope
of this study to present a detailed analysis of the significant variation between GHG savings
from different types of biofuels and production pathways (note that in some cases GHG
savings from some biofuels might even be negligible compared to fossil fuels). As an
example, some potential WTW GHG emissions reduction by using biofuels compared to
fossil fuels is given in Table 9 (TML, 2008). In their BAU realistic scenario, TML assumed
that substituting fossil fuels by biofuels would reduce WTW GHG emissions by around 57%.
This value was also used in our study.

1 These vehicles can operate on different ratios of ethanol and petrol.
16 In Europe, typically 80% of biodiesel is based on rapeseed (with glycerine as by-product) and 20% is produced from
sunflower (glycerine as by-product). Around 70% of bioethanol is produced from wheat (DDGS as by-product for animal feed)

and 30% is produced from wheat (DDGS to heat power) (see Edwards ez al., 2006 for more details).
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Well-to-tank emissions (ton per toe)

Cco2 CH4 N20 total (CO2-eq.)
Biodiesel 053 0.003 0.003 1.48
Bioethanol 1.32 0.003 0.001 1.67
Diesel 0.60 0.000 0.000 0.60
Petrol 051 0000 0 000 051
Tank-to-wheel emissions (ton per toe)
Cco2 CH4 N20 total (COZ2-eq.)
Biodiesel 0.00 0.0000 0.0002 0.05
Bioethanol 0.00 0.0005 0.0000 0.02
Diesel 311 0.0000 0.0002 315
Petrol 3.03 0.0005 0.0000 3.05
Well-to-wheel emissions (ton per toe) Reduction by using biofuel
c0o2 CH4 N20 total (CO2-eq.) % ton CO2-eq. per toe
Biodiesel 053 0.003 0.003 1.53 59% 223
Bioethanol 1.32 0.003 0.001 1.69 53% 1.87
Diesel 3.71 0.000 0.000 376
Petrol 3.54 0.000 0.000 3.57
weighed average: 57% 2.10

Based on cost estimates for different biofuel pathways (Edwards et al., 2006), an average
value for the incremental costs for biodiesel and bioethanol when compared with the
conventional fuel was calculated (diesel and petrol respectively), depending on the oil price
assumption (25 € per barrel or 50 € per barrel). An average mean of 8.3 and 8.4 € per GJ
substituted was obtained respectively for bioethanol and biodiesel. However, these costs are
subject to many changes in the future, due to the complex interactions of the biofuel sector
with the energy market (e.g. oil prices), agriculture market (e.g. feedstock prices),
imports/exports, etc. that could lead to very different figures. The definition of "costs" is also
unclear for this option since to some extent it highly depends on the biofuel policy support
adopted (Wiesenthal et al., 2009). In the case of obligations, the cost will be directly passed
to the consumer while in case of tax exemptions, that can be costly for the government, the
costs will be indirectly paid by the consumers. Eventually we assumed costs as specified in
Table 4 on page 8.

Market perspectives

The market penetration level of biofuels in the EU reached 2.6% in 2007. It was essentially
the results of legislative requirements and subsidies. As set in the EU Biofuel Directive
2003/30/EC, we assume that the 5.75% target in 2010 will be achieved (which can be seen as
a rather optimistic scenario). For 2020, the EU target of 10% is applied. The share of biofuel
in the transport sector for the long term is very uncertain. Here we assume 12% and 14%
respectively for 2025 and 2030 as maximum estimates based on an extrapolation of the
average annually growing biofuel share between 2010 and 2020. Obviously, the biofuel
market potential is subject to high uncertainties, depending on the uptake of advanced
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biofuels, oil prices, the type of biofuel policy support such as tax exemptions and/or
obligations, etc. (Wiesenthal ez al., 2007 and 2009).

2.5.2 H,-fuel cell cars

Environmental benefits and costs

As for biofuels, well-to-wheel (WTW) CO, emissions from the use of hydrogen in vehicles
(through direct combustion in ICE or in fuel cells) are highly dependent on the production
routes selected (Edwards er al., 2007). It is important to keep in mind that most of the
hydrogen produced today worldwide stems from fossil fuels (e.g. steam methane reforming).
Some conclusions extracted from the reference JRC WTW report (Edwards et al., 2007) are
provided below:

1- If hydrogen is produced from natural gas:
e WTW GHG emissions savings can only be achieved if hydrogen is used in fuel cell vehicles.
e The WTW energy use / GHG emissions are higher for hydrogen ICE vehicles than for
conventional and CNG vehicles.

- In the short term, natural gas is the only viable and cheapest source of large-scale
hydrogen. WTW GHG emissions savings can only be achieved if hydrogen is used in
fuel cell vehicles albeit at high costs.

- Hydrogen ICE vehicles will be available in the near-term at a lower cost than fuel
cells. Their use would increase GHG emissions as long as hydrogen is produced
from natural gas.

2-  Electrolysis using EU-mix electricity results in higher GHG emissions than producing hydrogen
directly from NG.

3- Hydrogen from non-fossil resources (biomass, wind, nuclear) offers low overall GHG emissions.
- Renewable sources of hydrogen have a limited potential and are at present
expensive.
- More efficient use of renewables may be achieved through direct use as electricity
rather than road fuels applications.

4- Indirect hydrogen through on-board autothermal reformers offers little GHG benefit compared to

advanced conventional powertrains or hybrids.
- On-board reformers could offer the opportunity to establish fuel cell vehicle
technology with the existing fuel distribution infrastructure.
- The technical challenges in distribution, storage and use of hydrogen lead to high
costs. Also the cost, availability, complexity and customer acceptance of vehicle
technology utilizing hydrogen technology should not be underestimated.

5- For hydrogen as a transportation fuel virtually all GHG emissions occur in the WTT portion,
making it particularly attractive for CO, Capture & Storage.

High costs are the main factor in slowed down progress of fuel cell vehicles (FCVs)
commercialization. Overall, it is reported that current costs of FCVs range between 2000-
5000 $/kW or even more which is quite high compared to conventional technologies.
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Although these vehicles are prototypes or produced in very small quantities, it is not
guaranteed that mass-scale production will significantly drive the costs down because still
many technical components have to be tested and improved. The objective is then to reduce
the cost of H, storage systems and fuel cells. To be competitive with conventional
technologies, costs of fuel cells should not exceed 50$/kW for private cars and 200-300$/kW
for lorries and buses (Zegers, 2006). The International Energy Agency (Gielen & Simbolotti,
2005) has also set the "target cost" to be less than 50$/kW (cost for ICEs) to be reached
through technology learning, mass production and new materials.

About 70% of the cost is in the proton exchange membranes, precious metal catalysts, gas
diffusion layers, and bipolar plates. Furthermore, the performance of the polymer membranes
under the cycling conditions of automotive fuel cells can degrade fast, especially as materials
are pushed into higher temperature operating regimes. The life of the fuel cell stack is at
present less than 2000 hours.

The additional costs of H, cars over time are summarized in Table 10.

%" (" "& $ ! $ ? ( &
2005 2010 2015 2020 2025 2010
% H2 cars in fleet* - - - 1% 3% 5%
Additional costs (€/car) 230000 137500 45000 32500 20000 7500

* see next section

Market perspectives

Today, fuel cell vehicles (FCVs) are mostly produced as prototypes. In terms of
development, North America is currently the dominant region closely followed by Europe.
The key message is that there are no set trends and the market dynamics are not clearly
defined.

Initially, several car manufacturers expected to introduce FCVs by the year 2004 or even
before. Unfortunately, these objectives were revised downwards mainly because of the high
technology costs and the limited number of H, infrastructures. The market introduction has
therefore been postponed (e.g. 2009-2010 for Honda, 2010-2015 for General Motors, Toyota,
DaimlerChrysler and Ford).

Today, most of the worldwide automotive companies are in the race for the
commercialisation of FCVs (with the exception of BMW favouring H,-ICE vehicles).
Although car manufacturers are still investing in R&D programmes to develop new
prototypes, they tend to more and more focus on hybrid technology development which is
considered as a transition step towards a FCVs market, but can give a serious challenge,
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especially if carbon-neutral liquid biofuels can be produced in high volumes and at
reasonable cost.

Example of scenarios

With hydrogen becoming increasingly available at low costs in the long term, the penetration
of H,-fuelled cars is likely to gradually increase between 2010 and 2050. However, the
penetration of such cars will not probably take place before 2020.

In the framework of the WETO-H, project (WETO-H2, 2005), different scenarios on the
potential penetration of FCVs were established. Results from the reference case are:

* By 2050 (i.e. beyond the time frame of the present study): about 75% of all hydrogen is
projected to be consumed in the transport sector in Europe. H,-fuelled cars are expected
to account for 23% of all passenger cars, with the majority of the fleet still being diesel
or gasoline cars. The fast uptake of hydrogen as a transport fuel according to this
scenario is projected to take place mainly in the last two decades of the projection period.
More than 80% of all hydrogen cars are projected to be equipped with fuel cells due to
their high conversion efficiencies and the expected cost decreases which will lead to
costs in the order 40-100 € per kW by 2050. However, by 2010, the use of hydrogen in
ICE accounts for around half of the hydrogen-fleet and almost 20% by 2020, while their
share becomes small by 2050.

e By 2030: the share of H,-fuelled vehicles is expected to be limited to 5%.

In our final SERPEC scenario package (see section 2.6) we did not include the H, fuel cell
car option. This was for the following reasons, i) the expected limited degree of
implementation, ii) the upstream emission released while producing H, which were not
further quantified in this study and iii) competition with the electric car for which we foresee
- in this scenario- a much larger implementation potential (see next section).

2.5.3 Electric Cars

Over the past years, electric cars have become more and more attractive due to fast
development of better batteries. Electric cars have the potential to substantially reduce CO,
emissions, especially when the electricity is generated in a sustainable way. Another plus is
that for the user, the costs for electricity are considerably less than the costs of conventional
fuels.

Potential reduction

In this study we have assumed that an electric car uses on average 0.16 kWh/km (derived
from Ros & Nagelhout, 2009). This 0.16 kWh/km represents quite well the average
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electricity use of current electric vehicles on the market and prototypes.” We converted the
electricity use of an electric car to GJ per million pkm, using an average occupancy rate of
1.58. The outcome of the calculation is that an electric car uses approximately 365 GJ
electricity per mpkm, while a reference car consumes 1745 GJ conventional fuel per mpkm.
In order to calculate the reduction in terms of CO,, we assumed that an electric car saves
fuel, but uses electricity with a grid emission factor of 500 gCO,/kWh (average for EU27).

Market perspectives

At the moment, electric cars are already on the market. However, two important obstacles yet
to overcome for widespread market introduction are: the current maximum range (limited by
battery capacity and charging time) and a wide-spread network of charging stations. So-
called plug-in hybrid electric vehicles (PHEVs) circumfere the limited range problem, as
both electricity and conventional fuels can be used to propel these vehicles. However, as
these vehicles reduce less CO, and have slightly higher costs than electric cars, we focus on
electric cars in this study.

Market penetration of electric cars is assumed to increase slowly from 1% of new cars in
2010, to 2% in 2015, 5% in 2020, 13% in 2025 and 30% in 2030. These percentages were
converted to percentages of the total fleet, in order to avoid a possible overlap between
electric cars, full hybrids and new powertrains. Market implementation potentials therefore
differ per country. In our scenario, in 2030 around 20% of the total EU fleet will consist of
electric cars. In 2020, around 4% of the total fleet will consist of electric cars.

Costs estimates

Since electric cars are a relatively new phenomenon, they are quite expensive and technology
learning and economies of scale will be important factors to drive these prices down in the
future. In this study we have assumed that an electric car in 2010 will cost approximately
€20,000 more than a conventional car. The ‘Think’ for example, an electric car that
originates from Norway, will be sold on the Dutch market this year for approximately
€38,000, while an average car of that size costs around €8,000. According to Ros &
Nagelhout (2009), the progress rate for electric cars is around 0.83. This is also the number
that we have used for technology learning. Together, the progress ratio, the market
implementation and the fleet, determine the cost development through time (see Table 11).
The formula used for the cost development is:

. 210g(0.83)
electric car fleet 2015

electric car fleet 2010

Costs 15 = COSES 5p19 X

o See for instance http://www.olino.org/articles/2007/12/13/overzicht-elektrische-personen-autos for an overview of electric
cars.
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$

2005 2010 2015 2020 2025 2030
Market implementation* 0% 1% 2% 5% 13% 30%
Total EU car fleet 2.15.E+08 2.34.E+08 | 2.54.E+08 | 2.75.E+08 | 2.93.E+08 | 3.08.E+08
Electric car fleet EU 0 906273 3260172 9391620 | 23514576 | 58406769
Additional costs (€/unit) 20000 14177 10667 8335 6527

* % of new cars
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2.6 Overview of scenario assumptions

Implementation of the measures of advanced powertrains, full hybrids and electric cars can
actually be regarded as a fleet composition scenario. Table 12 provides an overview of this
overall SERPEC fleet composition scenario for passenger cars. Typically, the ‘cross cutting’
measures of improved aerodynamics and eco-driving apply to the whole fleet where as the
measures of biofuels applies to the petrol and diesel fuelled part of the fleet.

%" C ( + $¢ &" 6> 8*3

EU27 fleet composition (no.

of cars) 2000 2005 2010 2015 2020 2025 2030
Electric - - 9.06E+05 | 3.26E+06 | 9.39E+06 | 2.35E+07 | 5.84E+07
Full hybrid diesel - - - 1.01E+06 | 5.61E+06 | 1.20E+07 | 1.75E+07
Full hybrid petrol - - 1.49E+06 | 9.18E+06 | 1.63E+07 | 2.60E+07 | 3.67E+07
New powertrains diesel - - 3.34E+06 | 2.10E+07 | 5.27E+07 | 8.68E+07 | 8.36E+07
New powertrains petrol - - 2.86E+06 | 2.40E+07 | 6.60E+07 | 1.11E+08 | 1.12E+08
Conventional cars 1.99E+08 | 2.15E+08 | 2.25E+08 | 1.95E+08 | 1.25E+08 | 3.31E+07 | 0.00E+00
Total fleet 1.99E+08 | 2.15E+08 | 2.34E+08 | 2.54E+08 | 2.75E+08 | 2.93E+08 | 3.08E+08
EU27 fleet composition (%) 2000 2005 2010 2015 2020 2025 2030
Electric 0% 0% 0% 1% 3% 8% 19%
Full hybrid diesel 0% 0% 0% 0% 2% 4% 6%
Full hybrid petrol 0% 0% 1% 4% 6% 9% 12%
New powertrains diesel 0% 0% 1% 8% 19% 30% 27%
New powertrains petrol 0% 0% 1% 9% 24% 38% 36%
Conventional cars 100% 100% 96% 7% 45% 11% 0%
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3 Emission reduction options and costs:
Road freight transport

3.1 Improved Aerodynamics

Technical potential
There is a large potential to reduce fuel consumption and CO, emissions by implementing
aerodynamic devices on tractor and/or trailer(s).

Currently, a typical drag coefficient for a truck is around 0.6 which is the results of major
improvements carried out by truck manufacturers during the last decades. However, even
though significant reduction in drag coefficient might be technically achieved in the short to
medium term (e.g. 20% reduction in CO, can be obtained), a steady evolution is more likely.
There are typically two main ways for reducing aerodynamic drag i.e. by improving the
design of the tractor and/or the trailer(s). Tractor's aerodynamics can be improved by using
fairings/deflectors (roof and side) or cab extenders (help reducing the gap between the tractor
and the trailer). Trailer's aerodynamics can be improved by adding different types of devices
such as side skirts.

Globally, the potential savings from tractor aerodynamics is around 4-6% which is roughly
equivalent to those expected from trailer aerodynamics (it is recognised that belly fairings
can cut fuel consumption by 4-6%)'®. From an optimistic point of view, fuel savings of 15-
25% can be achieved for heavy trucks (US DOE, 2004). The Truck Manufacturer
Association (TMA) reported that the combined effect of all aerodynamic improvements
(tractor and trailer) could result in a 23% reduction in aerodynamic drag®®. Assuming that
every 2% reduction in aerodynamic drag corresponds to a 1% improvement in fuel
efficiency, this could save more than 10% of fuel.

In this study, we assume a 4% fuel potential reduction that could be achieved from
aerodynamic improvements by considering the tractor only (Ang-Olson & Schroeer, 2002).
Moreover, it should be noted that if these aerodynamic devices are not well installed, it might
lead to negative effects increasing fuel consumption.

18 See e.g. http://www.freightwing.com/

10 http://www.greencarcongress.com/2006/11/study _improveme.html
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Additional costs

The additional costs associated with add-on aerodynamic devices can vary widely, depending
on the number of elements and whether they are situated on the tractor and/or trailer(s).
When focusing on the tractor, an average retail price of €2750 per vehicle can be considered
for the purchase of aerodynamic deflectors. These devices are usually installed on new long-
haul trucks since they are more expensive on the retrofit market thus limiting their demand.

Market perspectives

Around 70-80% of new long-haul trucks are already equipped with aerodynamic devices.
However, further devices can be installed on new vehicles as well as existing trucks at
affordable costs. We assumed that 60% (2020) and 100% (2030) of the cumulative new
heavy trucks fleet (since 2005) will be equipped with aerodynamic devices.
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3.2 Reduced rolling resistance

Significant reduction in rolling resistance can be obtained by controlling the tyre pressure
and by using new type of tyres such as wide-base tyres.

Tvyre Pressure Monitoring Systems (TPMS)

As for passenger cars, the use of TPMS is a very efficient way to reduce fuel
consumption/CO, emissions while improving safety. As an example, a recent study from
Continental carried out in Germany showed that 75% of vehicles had one or more tyres
underinflated by 0.2 bars (Stock, 2005). It is recognised that in the EU, the tyres in service
are underinflated by 0.2 to 0.4 bars on average for passenger cars and 0.5 bars for trucks. On
average, the fuel potential savings expected from TPMS is around 1-2.5%. Here we assume a
2% reduction potential. By 2030, we assume that around 80%-100% of the trucks will be
equipped with such systems.

The U.S. government requires that all passenger cars, light trucks and vans be equipped with
a TPMS starting in model year 2008. Due to a phase-in of the requirements, 20% of model
year 2006 and 70% of model year 2007 vehicles are equipped with TPMS.

An Automatic Tyre Inflation (ATI) system can also be installed on long-haul trucks on drives
and trailer tyres. However, this type of devices is quite complex (and costly) and its market
penetration is still very limited.

Wide-base tyres

Wide base tyres (or "Super-Singles™) can be used to replace dual tyres on drive axles.
Depending on the manufacturer, this measure can reduce fuel consumption by 2-5%
compared to dual tyres®®. They are lighter, more stable and offer lower maintenance and
repair costs. It is worth mentioning that wide-base tyres require the vehicle to be equipped
with TPMS and ESP systems. They can also be mounted on aluminium rims so that reducing
weight. Here we assume a 4% reduction in fuel consumption and CO, emissions. Note that
wide-base tyres and LRR tyres are most of the time mutually exclusive options.

Contrary to the US, wide-base tyres have been widely used in Europe. Their use is expected
to increase in the future.

Note that the use of wide-base tyres and their impact on the environment, infrastructure, etc.
is the object of several studies worldwide (see e.g. FHWA, 2007).

20 http://www.epa.gov/smartway/
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Market perspective

The TPMS option will mainly affect the new vehicles fleet. Here we assumed that 59%
(2020), 84% (2025) and 100% (2030) of the cumulative new truck fleet (since 2005) is
equipped with TPMS. Wide base tyres were assumed to apply to 35% (2020), 50% (2025)
and 65% (2030) of the total truck fleet.

Cost estimates

Additional costs for aerodynamics, TPMS and wide-base tyres were initially based on current
retail prices that were converted into manufacturer costs (see Chapter 1.5). This results in the
following cost estimates:

TMPS: 750 additional euro per truck
Wide-based tyres: 300 additional euro per truck
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3.3 Idle reduction (APUs)

When idling during overnight or during workday, a truck can use up to 3.5 litres of diesel per
hour. This 'idling time' is necessary for loading/unloading or to maintain a certain comfort to
the driver. Reducing idle can lead to significant reduction in energy consumption and
emissions. It is for instance estimated that an additional fuel gained of 6% could be obtained
by not idling truck engines overnight (Gaines, 2004).

Today, there are several idle reduction technologies available on the market that typically
refer to either "on-board" equipment (e.g. battery systems, thermal energy storage, APU-
diesel, etc.) or to "off-board” equipment (e.g. electrified parking space), with different
potential reductions and costs (see e.g. studies from the Argonne National Laboratory for the
U.S.). Globally, the potential fuel reduction associated with APUs can typically reach 80-
90% of the fuel normally required for idling, that can account for between 4-9% of the total
fuel consumed (depending on the APU system, idling time, etc.). In Europe idling times are
generally lower than in the U.S due to earlier implementation of anti-idling measures.

In the medium to long term, the deployment of fuel cell APU systems is likely to represent a
cost-efficient solution to cope with truck idling problems. Two types of fuel cells are the
major candidates for future on-board APUs, namely solid oxide fuel cells (SOFC, fuel: NG
or liquid fuels) and proton exchange membrane fuel cells (PEMFC; H, as fuel). The use of a
SOFC-based APU can result in significant fuel savings depending on the idling hours
displaced. This system is designed to supply power for AC, heating, lighting and other loads.
Many studies about the fuel cell potentials as APUs have been carried out in literature (see
e.g. Jain et al., 2006; Lutsey et al., 2007). It was reported that SOFC-based APUs might
become the "first major automotive application of fuel cells". However, potential costs of
such systems are somewhat speculative (Jain er al., 2006) even if one can expect that
manufacturer costs will be gradually reduced with time.

On average, costs for APUs are still rather high with a typical range of $4000 to $8000
depending on the system (see e.g. Ogburn & Ramroth, 2007). Here, we used a constant cost
value of €5000 per truck as an average.

Lutsey et al. (Lutsey et al., 2007) expected that 15% of the long-haul trucks US fleet in 2015
would be equipped with APU systems for idling. Assuming that the market for truck APU is
expected to mainly occur in North America, we considered lower market penetration rates for
Europe (respectively 10% in 2020 and 35% in 2030).
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3.4 Driver training

Similarly to the Eco-Driving measures described previously, driver training is a very cost-
efficient way to improve fuel economy.

The objective of the training is clearly to improve drivers’ awareness and practices regarding
environmental concerns. Typical techniques learnt are progressive shifting, speed control,
idle reduction, smoother braking and acceleration, and also optimal gearing.

It is expected that more than 5% of fuel economy savings can be achieved after effective
training programmes. Even though several studies report much higher potential fuel savings
(up to 20%), we assume here a 5% potential reduction (the EPA SmartWay Program?
estimated 4% fuel savings). Note that this potential reduction is likely to vary among
Member States.

The implementation of training programs amongst truck drivers is growing across the EU. As
a rough estimate, we assumed that 50% (2020) respectively 95% (2030) of the drivers take
driver training at a cost of €200 per truck.

21 http://www.epa.gov/smartway/
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4 Emission reduction options: Civil aviation

For the aviation sector, typical environmental concerns (among others) are related to the
reduction of energy consumption/CO, emissions, NO, emissions and noise. It should be kept
in mind that in many situations, trade-offs have to be found between these 3 main features.

According to IATA22, airlines have improved fuel efficiency and CO, by 20% over the past
10 years. This trend is expected to continue by investing in new aircraft and enhancing
operations. Also, current aircrafts are 50% quieter than 10 years ago.

A 20% improvement in fuel efficiency is projected by 2015 and a 40 to 50% improvement by
2050 relative to aircrafts produced today (IPCC, 2000). In Europe, the average age of the
aircraft fleet is generally lower than the rest of the world. This enables a faster penetration of
new efficient technologies. The typical life expectancy of an aircraft is 25 to 35 years. These
factors have to be taken into account when assessing the rate at which technology advances
and policy options related to technology can reduce aviation emissions.

In Europe, the ACARE23 (Advisory Council for Aeronautics Research in Europe) has set
ambitious objectives for improving fuel economy in the short to medium term. The objective
is that by 2020, the technology should be available to build an aircraft that is 50% more fuel
efficient per RTK (Revenue —Ton-Kilometre) than the fleet average in 2000. NO, emissions
and noise are also expected to be reduced by respectively 80% and 20% over the same
period. Engines are expected to account for 20% of the reduction in fuel use, with 20%
coming from improved airframe design, and 10% from operational efficiencies.

22 http://www.iata.org/

23 .
See e.g. http://ec.europa.eu/research/transport/transport_modes/aeronautics_en.cfm#
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Fuel consumption (litres/100 RPKs)
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4.1 Improved Aerodynamics

Technical potential

The use of wingtip devices such as winglets or raked wingtips is probably one of the most
efficient ways to reduce aerodynamic drag® on new or existing aircrafts. It could improve
fuel economy, and reduce CO, emissions and noise. The application of such devices is
expected to play an important role in the short term especially on the retrofit market. Because
of its large potential, a market for retrofitting wings with winglets already exists in Europe
and winglets can be installed on several types of aircrafts (e.g. B747-400, A300-600, A310-
300, A319/A320/A321, A330, A340, etc.). Obviously, this measure is more advantageous for
long distance flights.

Globally, the average potential fuel /CO, emission reduction from the installation of winglets
is around 3-6% depending on the type of aircraft (Wit er al., 2002) (i.e. the number of
kilometres flown). An average value of 4.5% will be assumed in this study which is quite in
line with literature.

Additional costs

As shown in the table below, typical retrofit costs are estimated to be in the range $900 000-
$1400 000 depending on the aircraft type (note that other sources report winglets cost of
about 725 000$25). In our calculations, we used an average cost number of €850,000.

%" $ $+ $ $$ #- $ $ 6 7 (
$ & = etal
Unit Type 2* Type 4* Type 5*
Retrofit cost 1000$ 900 1230 1400
Extra weight kg 250 560 615
Engine maintenance cost % -1 -1 -1

* Type 2: 80-179 seats / up to 4000 km range; Type 4: 180-299 seats / 4000-8000 km range; Type 5: 180-299 seats
/ over 8000 km range

Market perspectives

It is difficult to get precise figures regarding the market penetration rate of winglets in EU-27
countries. Currently, several EU airlines have been equipping their fleet with such
aerodynamic devices in order to save fuels, and reduce take-off noise and maintenance costs
(e.g. Air Berlin). We assumed that around 20% of the aircraft fleet will be equipped with
winglets in 2015, 50% in 2020 and 100% in 2030.

24 The installation of riblets or extending wing span is also a way to reduce drag but more suited for new aircrafts.

2 http://www.b737.org.uk/winglets.htm
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4.2 Advanced engines

The IPCC report projected that a 20% improvement in fuel efficiency could be achieved
between 1997 and 2015 (1% per year on average) from equal improvements in engine and
airframe technology (IPCC, 2000). Regarding the engine, 10% fuel savings are expected
during the period 1997-2010. Here we focus on the next generation of turbofans (called ‘high
bypass turbofans’) whose environmental performance is much higher than the previous
engine generation. For instance, General Electrics (GE) is currently developing the next
turbofan generation (GEnx) which can provide up to 15% better specific fuel consumption
than the engine it replaces26. Moreover, air emissions are up to 95% below current
regulatory limits, ensuring clean compliance for years to come. It is also the "quietest, most
passenger-friendly commercial engine GE has ever produced”. On the other hand, the new
TRENT 1000 developed by Rolls Royce27 can save up to 15% fuel consumption/CO,
emissions. Also, Pratt & Whitney expects to sell new types of engines in the next decade able
to reduce fuel consumption by 12%.

In this study, we assume that a 15% fuel/CO, emission reduction is achievable through the
installation of this new generation of turbofans. Even still being tested, these new engines are
expected to enter the market in the short to medium term (2010-2020).

It is also worth mentioning that with the elimination of bleed air systems i.e. using high
temperature/high pressure air from the engine to power aircraft systems such as AC and anti-
ice systems) the new engine generation (GEnx and Trent 1000) represents a first step towards
the electric aircraft.

It is difficult to anticipate the market deployment of this new generation of aircraft engines.
However, since they are actively being developed by the main manufacturers worldwide, a
significant market penetration is expected in the near future. Here we assumed that 40%
(2020) and 90% (2030) of the cumulative new fleet (since 2005) will be equipped with
advanced engines.

Additional costs
Additional costs per plane are 5,000,000 Euro.

26 http://www.geae.com/

27 .
http://www.rolls-royce.com/civil_aerospace/
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4.3 Improved Air Traffic Management (ATM)

Improved air traffic management is the measure with the highest potential to reduce fuel
consumption and CO, emissions in the short to medium term.

As defined in the IPCC report (IPCC, 2000), ATM systems are "used for the guidance,
separation, coordination, and control of aircraft movements. Existing national and
international air traffic management systems have limitations which result, for example, in
holding (aircraft flying in a fixed pattern waiting for permission to land), inefficient routings,
and sub-optimal flight profiles. These limitations result in excess fuel burn and consequently
excess emissions.”

The literature agrees that improved ATM could reduce fuel use by 6-12% (see e.g. IPCC,
2000; DfT, 2007). Typical improvements are:

Direct routing (highest potential): due to different restrictions affecting certain long-
haul flights, aeroplanes do not always take the shortest route to a destination.

Continuous Descent Approach (CDA): although generally considered as a noise
mitigation measure, CDA can provide significant fuel economy improvements. For
this purpose, airplanes must begin their descent from high altitude much earlier
enabling smoother approach before landing, thus reducing fuel consumption.

Other measures such as reduced holding or improved harmonisation of ATM are also
addressed by many countries.

In the ATM area, the European Commission has launched the Single European Sky
initiative” aiming at reforming the future structure of air traffic control across Europe.

Overall, we assumed in this study an implementation rate of 60% (2020) respectively 100%
(2030) at against zero additional costs.

28 Only applicable to intra-EU flights or sections. 12% is considered as a maximum potential reduction.
0 http://ec.europa.eu/transport/air_portal/traffic_management/index_en.htm
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4.4 Further operational improvements

Alongside the measures described previously, further operational measures can be
implemented to improve energy savings. These could be for instance maximising load factors
(carrying more passengers or freight on the aircraft), eliminating non-essential weight,
optimizing aircraft speed, minimising the use of auxiliary power units (e.g. for heating,
ventilation), and reducing taxiing (e.g. single engine taxiing). The potential improvements in
these operational measures could reduce fuel consumption and CO, emissions by between
2% and 6%. A list of several measures is given by the UK DfT (DfT, 2007). Here, we used
an average value of 4% fuel/CO, savings for this measure.

In 2004, the ICAO30 (with contribution from IATA) published a circular "Operational
Opportunities to Minimize Fuel Use and Reduce Emissions” which identifies specific actions
that can be taken by major air transport stakeholders to minimise fuel consumption.

In this study we assumed and implementation rate of 60% (2020) respectively 100% (2030)
at against zero additional costs.

%0 http://www.icao.int/
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4.5 Other improvement options (not covered within
SERPEC-CC)

Use of alternative motor fuels

As for other transport modes, the use of alternative fuels might represent an interesting route
to significantly lower CO, emission for the aviation sector in the medium to long term.
However the same care with regard to WTW emissions as for road transports (see chapter 2.5
on biofuels) should be employed.

The potential for renewable energy sources in aviation (biofuels and hydrogen) was analysed
by the Department for Trade & Industry in 2003 (Seynor, 2003). They concluded that
methanol, ethanol and biogas were unsuitable for commercial jet aircraft but that hydrogen,
biodiesel and FT kerosene® had the greatest technical potential to reduce energy
consumption and GHG emissions (see also DfT, 2007). However, due to their current high
cost production compared to kerosene, hydrogen and FT kerosene might become competitive
only in the long term. Obviously, the potential introduction of alternative fuels is different
when considering biofuels or hydrogen. In the first case, and as reported by the UK DfT, "the
most plausible medium-term route for the introduction of renewable fuel into aviation is FT
kerosene produced in conjunction with FT biodiesel and blended with conventional
kerosene™.

Even if still at R&D and demonstration phase, the use of biofuels in the aviation sector seems
to be a promising option by many stakeholders. Lately, Virgin Atlantic (in conjunction with
Boeing and GE), has conducted the first commercial aviation flight using a sustainable BTL
fuel mixed with traditional kerosene-based jet fuel (only 20% of the total engine power was
provided by biofuels).

On the other hand, the use of liquid hydrogen as an alternative fuel could be technically
feasible but face many problems e.g. redesigning the fuel supply and injection systems,
installation of new infrastructure at airports, security issues, etc.

Finally, the use of fuel cells for large scale passenger aircraft is not considered as a viable
option® (IPCC). However, fuel cells are expected to play a role in powering aircraft air-
conditioning and electrical systems (as an APU).

31 Kerosene elaborated through the Fischer-Tropsch process
32 Note however that several prototypes have been tested on light weight aircrafts worldwide http://www.fuelcelltoday.com/
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Weight reduction

Lighter and stronger aircrafts are expected to enter the market due to significant weight
reduction. This could be realised through gradual incorporation of improved aluminium
alloys and aluminium-lithium composites for sections of primary structures (fuselage, wing,
and empennage), and composites for secondary structures.
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5 Conclusions

This document presented an overview of a set of technical CO, abatement measures in the
transport sector, including the behavioural measure of (eco) drivers training. These measures,
even not exhaustive, can be considered as a realistic set of improvements that are could be
implemented in the upcoming years in the European road and aviation sectors.
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In 2020, the identified abatement potential is 20% below FTRL emissions and 13% below
the PRIMES baseline emissions estimate (EC, 2008). In 2030 this is 35% and 18%
respectively. The overall emissions in the transport sector, after implementation of abatement
options are 0.3% below the 2005 level in 2020, and 2% below the 2005 level in 2030 (see
Figure 6). These rather moderate absolute reductions, despite quite optimistic assumptions on
technology implementation rates, illustrate the very challenging task of reducing CO,
emissions in the transport sector.

Note, that two important abatement options, biofuels and electric cars, may have zero ‘tank
to wheel’ emissions but still cause ‘upstream’ emissions that were included in our
calculations. As an illustration: in 2030, approximately 20% of the total car fleet is assumed
to consist of electric cars. The savings that we currently attribute to the electric car are fairly
low, and as a result the specific costs (€/t-CO,) high, because the option is calculated against
a reference CO, emissions factor of 0.5 kgCO,/kWh of generated electricity. Setting this
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emissions factor to zero - mimicking that all electricity comes from renewables- strongly
increases the overall emissions reductions, see Figure 7.
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The abatement potentials and specific costs of the identified individual measures are
summarized in Table 14 and visualized in Figure 8. Some 22% (2020) to 29% (2030) of the
emissions can be reduced at negative costs. These options are largely identified in the
aviation sector, eco-driving and improved tires (performance).
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In general, it should be noted that the calculated specific costs are sensitive to the input
assumptions. For example, the decrease of specific costs of biofuels from 2020 to 2030 (see
Table 14) is merely the result of the fuel price scenario assumptions (see Table 4) in which
the pre-tax price difference between petrol/diesel and biofuels decreases.

Finally, Figure 9 shows the sensitivity of the cost-curves to the social versus the end-users
perspective. From a social cost perspective, with energy prices before taxation, a large charge
of the abatement options in transport comes at positive costs (2020 data). The end-user,
however, faces much higher fuel costs that include taxes® (see Table 4). As a result the end-
user also faces much higher revenues from energy savings and the cost-curve now becomes

dominantly negative.

3 The end-user perspective calculates with energy prices after taxation and with a discount rate of 9% instead of 4%. In Figure
9, the energy price effect is dominant.
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2020 Name Potential (MtCQO,) SpecificCost
Passenger Aviation ATM 15 -168
Passenger Aviation Further Operational procedures 7 -168
Passenger Aviation Improved aerodynamics 6 -150
Passenger Aviation Advanced engines 4 -136
Freight road (trucks) Driver training 8 -132
Passenger road cars diesel Eco-driving 3 -92
Passenger road cars petrol Eco-driving 4 -87
Passenger road cars diesel Tyre Pressure Monitoring System (TPMS) | 5 -48
Passenger road cars petrol Tyre Pressure Monitoring System (TPMS) | 6 -39
Passenger road cars diesel Low Rolling Resistance Tyres (LRRT) 9 43
Passenger road cars petrol Full hybrid 15 47
Passenger road cars diesel Improved aerodynamics 3 48
Passenger road cars alternative fuels | Biofuels 42 50
Passenger road cars petrol Low Rolling Resistance Tyres (LRRT) 13 55
Passenger road cars petrol Improved aerodynamics 3 63
Passenger road cars diesel Full hybrid 6 70
Freight road (trucks) TPMS 2 104
Passenger road cars petrol New powertrain + weight reduction 54 104
Passenger road cars diesel New powertrain + weight reduction 32 105
Freight road (trucks) Wide-based tires 2 106
Freight road (trucks) Reduced idling (APU) 140
Freight road (trucks) Improved aerodynamics 4 200
Passenger road cars alternative fuels | Electric cars 16 496
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2030

Passenger Aviation Further Operational procedures 14 -181
Passenger Aviation ATM 31 -181
Passenger Aviation Improved aerodynamics 16 -166
Passenger Aviation Advanced engines 23 -155
Freight road (trucks) Driver training 17 -148
Passenger road cars diesel Eco-driving 10 -109
Passenger road cars petrol Eco-driving 14 -100
Passenger road cars diesel Tyre Pressure Monitoring System (TPMS) | 8 -63
Passenger road cars petrol Tyre Pressure Monitoring System (TPMS) | 10 -49
Passenger road cars diesel Full hybrid 17 -3
Passenger road cars petrol Full hybrid 32 1
Passenger road cars alternative fuels | Biofuels 63 19
Passenger road cars diesel Low Rolling Resistance Tyres (LRRT) 10 29
Passenger road cars diesel Improved aerodynamics 5 35
Passenger road cars petrol Low Rolling Resistance Tyres (LRRT) 13 51
Passenger road cars petrol Improved aerodynamics 6 61
Passenger road cars diesel New powertrain + weight reduction 49 95
Freight road (trucks) TPMS 7 102
Freight road (trucks) Wide-based tires 7 104
Passenger road cars petrol New powertrain + weight reduction 85 105
Freight road (trucks) Reduced idling (APU) 10 143
Freight road (trucks) Improved aerodynamics 11 203
Passenger road cars alternative fuels | Electric cars 99 252

* for biofuels we assumed an emissions factor of 43% of the weighted value of petrol (60%) and diesel (40%)

# see remark in main text
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7 Glossary

(AC) Air Conditioning

(ACARE) Advisory Council for Aeronautics Research in Europe
(APU) Reduced idling or idle reduction
(ATI) Automatic Tyre Inflation

(ATM) Air Traffic Management

(CDA) Continuous Descent Approach
(Cp) drag coefficient

(CpA) drag area

(CNG) compressed natural gas

(DDGS) dried distillers grains with solubles
(FCV) fuel cell vehicles

(FFV) flexi-fuel-vehicles

(FTRL) Frozen Technology Reference Level
(9) gram

(Gpkm) Giga passenger-kilometres

(GSI) gear shift indicator system

(Gtkm) Giga ton-kilometres

(H,) hydrogen

(HEV) hybrid electric vehicles

(km) kilometre

(ktoe) kilo ton oil equivalents

(LRRT) Low Rolling Resistance Tyres
(LPG) liquefied petroleum gas

(MACCQC) marginal abatement cost curves
(mpkm) million passenger-kilometers
(NiMH) nickel metal hydride

(PEMFC) proton exchange membrane fuel cells
(PHEV) plug-in hybrid electric vehicles
(pkm) passenger kilometre

(RPE) Retail Price Equivalent

(rpm) revolutions per minute

(RTK) Revenue —Ton-Kilometre
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(SOFC)
(STT)
(TMA)
(TPMS)
(WTT)
(WTW)

solid oxide fuel cells

stop and start system

Truck Manufacturer Association
Tyre Pressure Monitoring System
Well-to Tank

Well-to Wheel



