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Abstract

Although Electrified Vehicles (EV) represent a promising alternative for reducing road
transportation related emissions, widespread adoption has been slow. Studying current
tendencies in major Light-Duty Vehicle (LDV) European markets shows consumer’s current
perception with regard to the deployment of the technology in its early stages. Identification of
impediment barriers is an important first step towards minimizing sales disparities with current
internal combustion engine vehicles (ICEV).

All efforts aiming EV adoption must be complemented with reliable information supporting
expectations. Life Cycle Assessment (LCA) data can provide a broad awareness on how effective a
technology can become while reducing GHG emissions and compare it to other existing.
Depending on the source of energy to recharge plug-in electric vehicles or the vehicle components
production process, the potential for reducing LDV emissions may differ significantly. Therefore,
this work targets to analyze the environmental benefits of AFV adoption for a set of potential
scenarios in major European countries. To use a robust and well-documented methodology is
essential to support the reliability of results. Leveraging a simulation tool such as the Fleet Model
developed in this research will serve to explore a wide set of scenarios. By performing sensitivity
analysis on the parameters of interest it is possible to quantify the relative impact of each of the
strategies studied for the different European countries.
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Chapter 1 - Introduction

| — Environmental challenges inherent in On-Road
transportation

The transportation sector represents a significant source of greenhouse gas (GHG) emissions
worldwide. Its impact has become more important as factors such as globalization, population
increase or generalized wealth growth have encouraged its contribution in global emissions.
Whether it is for a leisure trip or freight transportation, moving from one place to another has
always been a need for human kind. Travelling is in our nature, that is why major actors must seek
strategies to reduce its contributions to climate change. The greenhouse effect is responsible for
absorbing part of the radiation from the Earth’s surface, thus keeping it at temperatures above
than what it would be if the atmosphere composition did not have the presence of GHG.
Nevertheless, soaring concentrations of these gases will lead to a global warming effect potentially
harmful.

At current rates, average world temperatures would increase to two degrees Celsius by 2036. Over
the past decades GHG emissions related to transportation sector have skyrocketed reaching levels
by 2010, two and a half times the ones in 1970 [1]. Going further transportation accounts for
approximately a quarter of total anthropogenic greenhouse gases sent to the atmosphere.
Therefore, limiting its impact is crucial for building a more environmentally respectful future and
reducing the generalized temperature increase.

35
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Figure 1: World CO2 Emissions by sector in billion tons of CO2 equivalent. Sector GHG emissions
share evolution from 1990 to 2016 [2].
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Figure 2: Global transport emissions by sub-category. Comparison between 1990 and 2016
situations [3].

Taking a closer look to the transportation sector, GHG emissions can be broken down into different
sub-categories: Air, Water, Road transportation and Other means of transportation, which include
rail and pipeline transportation. According to the latest available data, the total global GHG
emissions linked to transportation activity are close to 8 GtCO2-eq, which is mostly due to Road
transportation. With an increasing share of 74% in 2016, Road transportation is gaining relevance
in GHG emissions. Hence the importance in taking action and reverting the current trend.

This thesis focuses mainly in the contribution of Light-Duty Vehicles (LDVs) in European countries.
The objective is to assess the impact of several strategies aiming to reduce GHG emissions inherent
to vehicle fleets. The transportation sector represents 20% of total emissions in Europe, the share
increases up to 27% if international shipping and aviation are included. Road transportation
represents 72% of the total European Transportation sector. Going further, the road
transportation percentage can be divided into the different on-road vehicle segments. This breaks
down GHG emissions, identifying more precisely their origin.
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Figure 3: Share of road transport sector for total transportation sector GHG emissions for EU-28 in
2016 [4].

Passenger cars and Light Duty Trucks (LDT) constitute what is defined as Light-Duty Vehicles.
Generally, it gathers all four-wheel vehicles commonly used with a weight below 3500 kg and a
payload capacity up to 2000 kg. Segmentation weights may differ depending on the country and
from US classification standards, but are quite homogeneous all over Europe. Greenhouse gas
emissions of LDVs over the total Transportation sector are close to 52%. This frames the
prospective reach which strategies studied in this research have. It also puts into context the
relevance of all the measures proposed with the ultimate goal of reducing GHG emissions.

Governmental and International organizations have set certain policies aiming to revert the
existing trend. Since the early 2000s, the automotive manufacturers have been pushed gradually
to shift towards greener vehicles. At the same time subsidies and preferential benefits encourage
consumers to adopt Alternative Fuel Vehicles (AFV) rather than convention Internal Combustion
Engine Vehicles (ICEV). Nevertheless, the market penetration rates of these greener technologies
have been weighed down by diverse barriers of adoption. This implies AFV still present certain
disadvantages which highlights its inconvenience in many daily situations. According to nowadays
transportation habits, it is hard to imagine that technological improvements would be sufficient
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to overcome the barriers to adoption in the nearer term, suggesting a complementary change in
society’s travel behaviors for these new technologies to succeed.

|| — Alternative Fuel Vehicles as a path towards greener mobility

Vehicles relying on non-fossil fuels have become a promising and effective solution to reduce
tailpipe emissions. In parallel hybrid powertrains still rely on fossil fuels, but offer the possibility
to incorporate electrified powertrains and attain substantial efficiency benefits. However, in this
work Life-Cycle Assessment (LCA) of greenhouse gas emissions is used for the different vehicles
studied, which includes vehicle production and the means of fuel or energy procurement. Taking
into account full LCA gives a more complete picture about the real emissions impact of changing
one technology for another. A brief description on the different existing technologies is presented
to give a better understanding on their principle of operation and what is their role in the road
transportation LDV sector.

a) Internal Combustion Engine Vehicles

For more than a century ICEV have represented the most reliable powertrain for means of
transportation. Its widely spread refueling infrastructure and affordable costs have led the
technology to be used all over the world. Oil prices have remained relatively affordable for users
through recent times, though fuel taxes may differ from one region to another. The expected trend
is to progressively rise in the coming years. The oil stock is assumed to cover the demand up to 50
years at current rates of supply and demand, giving at first sight a broad allowance to be replaced
[5]. Nonetheless, their GHG emissions are responsible for an important contribution to global
warming, as seen previously. That is why the change towards more sustainable technologies has
to take place with relative urgency, to minimize all potential resultant effects.

The main reason ICEV pollute is due to their principle of working. Their propulsion energy is
obtained by the combustion of hydrocarbons. Thanks to its powertrain structure it is able to
transform the chemical energy contained in fuel molecules into mechanical motion. The air
utilized is collected by the intake and mixed with fuel meeting the necessary conditions to allow
ignition to happen in the combustion chambers. Generally, by means of four-strokes cycles [6]
part of the energy released in the combustion chambers is transmitted to the crankshaft which
linked to the transmission axe by a universal joint, distributes the power to the driving wheels. As
a product of combustion, the exhaust gases are released to the ambient. These gases are mainly
composed of water vapor, CO2 - and in fewer concentrations’ methane and nitrous oxide - which
are in fact most common greenhouse gases in the atmosphere. GHG emissions are measured in
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grams of CO2 equivalents (gC02eq), which is based on global warming potential (GWP) of each of
the gases contributing to the effect with regard to CO2.

Regular ICEV are broadly divided into gasoline and diesel engines. Both work under the same
principle but use different fuels. The essential difference between them is their octane / cetane
number and by consequent the compression ratios at which they operate. Each contribute in
different manner to GHG emissions. Both having similar amount of energy per mass unit, diesel
fuel is a 14% more dense. In other words, energy density from diesel fuels is higher meaning in
terms of fuel consumption, diesel engine vehicles are more efficient. Nonetheless, diesel fuel has
a higher content of gCO2eq per volume unit, making their GHG emissions slightly higher in vehicles
of comparable size.

b) Hybrid Electric Vehicles

Hybrid Electric Vehicles (HEV) are born as a technological advance from ICEV. They keep a
compromise with the utilization of an internal combustion engine supported by an electrical
motor and battery. In some cases, electrical power unit is only used for allowing the engine to
shut-off instead of idling, which represent what are known as mild hybrid vehicles or micro
hybrids. Their electrical unit is not sufficient to power the vehicle without the support of the
internal combustion engine. On the other hand, full hybrids do have sufficient power to run during
periods of time at low speeds with their electrical unit alone. At the same time, they can offer
better fuel-economy reaching in some cases a fuel consumption reduction up to 35% with respect
similar size gasoline engine vehicle by using their electric motor and regenerative breaking energy
recovery [7]. During the following analysis HEV are considered only full hybrid vehicles, whereas
mild hybrids are contributions to the fuel-economy improvement of ICEV.

The technology was invented early in the twentieth century, but the first broad appearance of an
HEV in a passenger car market was in 1997 with the well-known Toyota Prius Hybrid in Japan,
where it has become very popular among consumers. Since then, over 12 million units have been
sold worldwide [8]. Hybrid technology embodies the cutting edge in GHG emissions reduction
related to the road transportation sector, as it begun the shift to more environmentally respectful
Light-Duty Vehicles. It provided a starting point of familiarization towards the introduction of
electrified powertrains.

c) Plug-in Hybrid Electric Vehicles

Going a step further than HEV, Plug-in Hybrid Electric Vehicles (PHEV) have very similar principle
of working. Their main difference is while the first hybrid technology benefits from their internal
combustion engine to charge their battery when it is not being used, PHEV have a larger battery
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capacity and must be recharged by connecting them to the electrical grid or an external source of
power. PHEV are meant to prioritize using their electrical power unit. However, they still profit
from the benefits of having an internal combustion engine when needed and may run with it if
recharging is not available. This duality which is broader than HEV, makes PHEV very convenient
in terms of compromise between fuel-efficiency and flexibility of use in a wide range of situations.

Depending on the electrical range of travel PHEV are categorized. This gives an idea on the utility
factor, which represents the percentage of total miles driven using only the electrical powertrain.
Typically, PHEV are considered AFV as their primary source of energy is intended to be electricity,
even if eventually they rely on fossil fuels. The first commercial model going to series production
came in 2008, but due to its high costs compared to similar gasoline engines the technology did
not arrive at general public until 2010 [10], aided by incentives to encourage their adoption.

d) Battery Electric Vehicles

Being totally fossil fuel independent during their utilization, Battery Electric Vehicles (BEV)
represent a clear advantage with respect the other powertrain technologies regarding tailpipe
emissions. Their motion is completely powered by one or more electric motors. The distance
travelled per full recharge, also known as range, is mainly determined by their battery storage
capacity and its relative vehicle size. Initial perception may suggest it is an absolutely green
technology, thus BEVs should be conceived as an emissions displacement vector. Electricity
production is always linked to a certain amount of emissions at its origin. The analysis conducted
in this work includes LCA data for the different sources involved in energy production. However,
totally electrical Light-Duty Vehicles are expected to become an important factor to reduce GHG
emissions worldwide. Yet to be able to effectively replace combustion engine vehicles, major
strategies for BEV adoption must be able to overcome existing obstacles, which from a consumer
point of view is revealed as higher purchase price and recharging inconvenience.

Therefore, the sales share penetration may differ significantly from one country to another and is
commonly linked to the amount of incentives available. The driving range is also perceived as a
problem for their adoption, but recent battery development has led to significant progress in that
field. The technology is well known since the nineteenth century, when the first electrical motor
was tested for propelling a car in 1827. Notwithstanding its great success in the very early stages
of the automotive industry, it was quickly relegated by internal combustion engines. The technical
improvements in gasoline engines and their more affordable purchase and operating costs ended
up by overwhelming electric vehicle sales after 1910 [11]. After the technology was forgotten, BEV
had to wait almost a century until 2008 to be reintroduced in LDV markets with the Tesla Roadster
model. It became the first production all-electric lithium-ion battery vehicle and had surprising
range of 320 km per charge. By virtue of advances in battery technology and better awareness of
climate change, BEVs started gaining attention. Incentives and environmental policies were the
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main causers to have them back in the market. Further on this work analyzes in more detail their
current situation in major European countries.

e) Fuel Cell Electric Vehicles

Hydrogen powered vehicles are envisioned as a promising solution to replace ICEV. Fuel cells are
able to recombine hydrogen with other molecules to exchange Oxygen atoms, as a result of the
spontaneous redox reaction which give as products a current of electrons and water molecules
[12]. Fuel Cell Electric Vehicles (FCEV) benefit from this chemical reaction to supply with electricity
its powertrain. The technology and its applications for the automotive industry are known for a
couple of decades, but it has always remained a prototype option until recently.

Nowadays, the non-competitive high costs of hydrogen linked to a refueling infrastructure in its
very early stages of development, make it hard to predict future rate of adoption of FCEVs. To
procure clean and meaningful hydrogen production is the main focus in order to enhance this
powertrain technology in its first phase of introduction to global LDV markets. The
commercialization of first models is being introduced gradually and vehicles prices are expected
to go down. It is estimated costs will reach the 50% of their current value, by the time FCEVs reach
100.000 units on the road [13]. First available model for consumers was Hyundai Tucson in 2014.
However, a reduced number of prototypes were already set in the road the decade earlier as part
of corporate leasing plans. Nowadays, the total number FCEVs on the road is 2500 vehicles, show
how much progress is still needed to spread this technology.

f) Other existing Alternative Fuel Vehicles

Other existing alternatives to conventional ICEVs are presented in this section. However, their
potentials for reducing total fleet GHG emissions being more modest, they are not considered in
the scope of this research, though under given conditions they manage to reach effective
reductions.

e Biofuels: Several vehicle powertrain technology leverage fuels produced from biomass.
Currently, a wide range of biofuels exist, extending the variability of future technology
developments in this particular field. However, the environmental benefits from adopting
them are disputed. Due to the extensive use of land required to cultivate them and the
natural environmental impacts they have, biofuels are often criticized for having an overall
negative environmental impact [14].

e Liquified Petroleum Gas: Some vehicles are propelled using liquified petroleum gases
(LPG) such as propane or butane. These vehicles are considered clean as they can achieve
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effective GHG emissions reductions of a 15% in average. Some countries - such as Turkey,
South Korea, Poland, Australia and Italy - have supported the LPG vehicle adoptions in
order to mitigate LDV GHG impacts, gathering almost half the total in-use vehicles
worldwide, using this technology.

e Compressed Natural Gas: They represent another existing AFV technology. Using
compressed natural gases (CNG), generally methane, these types of vehicles obtain an
average 25% reduction in GHG tailpipe emissions with respect their internal combustion
engine peers. It is also important to underline the use of highly pressurized tanks to store
the natural gases, which are entirely replaced when refueling the vehicle. Nonetheless,
this entails a threat in case they are accidentally spilled.

Il — Contribution and work structure

The goal of this work is to assess the role of electrified powertrains in major European countries.
It aims to give well-founded guidance of the different strategies regarding Light-Duty Vehicles
which will potentially lead to important GHG emissions reduction. Analyzing the recent adoption
in each of these markets establishes a starting point to understand the present state we are at.
This research also summarizes the policies adopted in the countries studied to influence
automotive manufacturers and consumers to shift towards greener powertrain technologies,
giving an assessment on the main factors motivating the change. The work focuses on presenting
future strategies which represent future paths towards a more environmental respectful LDV
fleet.

A computational Fleet Model (FM) is developed and adapted for each of the analyzed countries.
Inspired on the logics behind different scenario calculations reports, the interest of this model is
that it combines reliable data regarding LDV fleets in each of the countries considering a wide
number of variables that have influence in the final amount of emissions. It not only includes
market sales by segment as well as emissions associated to vehicle production and fuel supply,
and also grid electricity production data, which with LCA data is interpreted as its related
emissions. Assuming several EV penetrations levels, balancing the relative proportions of all
electrified powertrains market shares and projecting the electricity generation mix in different
ways, the FM can explore an extensive range of scenarios. This helps to quantify the environmental
effects of achieving each particular strategy and compare them to a thoughtfully constructed
reference scenario. Nonetheless the amount of detail included in the model, requires a solid set
of assumptions to run the calculations. It is impossible to fully estimate the behavior of each
variable and their interactions. Therefore, the results set guidance but are subject to a certain
degree of uncertainty. However, this thesis conducts this type of analysis to a depth of feature
which is not readily available for the studied countries. It uses a consistent methodology for total
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LDV emissions calculations and gives clearance on the effectiveness that different strategies have
to mitigate climate change.
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Chapter 2 — Electrified powertrain technologies

as an alternative to regular combustion engines

This chapter provides a summary of the current role Electrified Vehicles (EV) have nowadays in
road transportation, more specifically in European markets, and what the key factors are that will
shape their adoption. Examining how the trends have evolved over the past years, as well as
understanding the variables that have influenced its development, leads to better judgements on
how the upcoming future will likely evolve.

| — Current progress of EV

Since the recent introduction of BEV in worldwide markets they have progressively gained
popularity. In addition to PHEV and HEV, they represent the main alternatives to conventional
combustion engine vehicles. The benefits of their significant degree of electrification helps them
to attain better fuel efficiency than their homologous ICEV. It is the case also for HEV, even if they
rely completely on fuel to be operational, they can still reach considerable reductions thanks to
the electric motor and recovered energy from the regenerative braking. Because of their
petroleum reliance, they most frequently are not assumed to be AFV [15] or completely electric
vehicles. BEV and PHEV independence - or significantly reduced dependence of fossil fuels - is the
main reason to support their adoption. That is why they are placed as a promising mobility
alternative for the near future. But despite the increase in market penetration in their early growth
stages, their current adoption rate is far from reaching the initially expected levels.

6 mmm Other PHEV
 Other BEV
mmm United States PHEV

mm United States BEV

B Europe PHEV

I Europe BEV

Electric car stock (millions)

China PHEV

mm China BEV

0 P = World BEV
2013 2014 2015 2016 2017 2018

Figure 4: BEV and PHEV market penetration and in-use vehicles in major markets worldwide [16].
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Global sales in BEV and PHEV increased significantly in 2018 with respect the year before. The
amount of new electric-vehicle registrations doubled, reaching more than 2 million worldwide
according to multiple sources [17] [18]. China remained the first market in number of sales,
reporting for the first time more than a million EV sales, which almost doubled their electric vehicle
stock. United States and Europe follow the lead in electrified powertrains adoption, accounting
for 1,1 and 1,2 million of plug-in vehicles on the road respectively. Both market penetrations
reached numbers close to 300.000 new registrations. However, numbers remain modest since
global light-duty vehicle sales in 2018 were 94,8 million vehicles worldwide [19]. The electrified
powertrains relevance is even more important for two and three wheelers vehicles, but this topic
remains out of the scope of this research.

The yearly increase in sales that electric vehicles have experienced in this first five years of
introduction in road transportation is remarkable. Through 2016 and 2017, the relative increase
with respect to previous years was 60% and 56% respectively. Most recent data in 2018 describes
a 63% increase in electric vehicle sales regarding the year before [20] [21]. Reaching an estimated
stock of BEV and PHEV of 5,1 million in-use vehicles over the past year. Nevertheless, their part is
yet quite modest in absolute terms. The average market share penetration is 2,1% of global LDV
new registrations. Generally, its place is yet far from being representative. Only a few countries
have managed to challenge internal combustion engines predominance.

As the scope of this research is studying the future impact of electrified powertrains in European
countries, a more detailed focus is given to the trends of six characteristic countries. These
countries will also be the ones chosen to assess their EV adoption impacts and analyze the
potential environmental benefits.
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Figure 5: Total number of new PHEV and BEV registered in major European countries. Values in

graph represent [20] [21].

The above figure summarizes the evolution over the previous years in the studied countries. A
common pattern can be inferred over these countries, as the overall number of new registrations
increases in all of them, the share of electrified powertrain becomes more relevant as well.
Eventually the speed at which these greener technologies are being introduced varies from one
another, identifying a clear country where EV have a significant higher rate of acceptance.
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Norway

Norway as a leader in EV adoption guides the rest of the world in building what looks like a scenario
with a high representation of electrified powertrains. Taking into account BEV only, the market
share in 2018 was 31,2% of total new LDV registrations. If PHEV are included as well, the market
share of AFV rises up to close of the half, 46% [22]. This trend of having more electrified
powertrains is sustained over the first quarter of 2019, having a bigger impact on the total number
of sales. For the first time reaching a historic 50% share of new vehicle registrations in a country.

Iceland and Sweden are the only countries well ahead in electrification of their LDV fleet: yet still
far from the rates of adoption found in Norway. Their success is partly linked to the policies put
into effect, as we will explore later.

The sum of BEV and PHEV in Norway is around 340.000 in-use vehicles, last updated on June 30"
2019 [23]. This constitutes about 10% of the total number of cars in that country. Moreover,
Norway’s government has set a time limit for ICEV as they plan to allow only all-electric vehicle
sales by 2025 [24].

Germany

The next European country in number of LDV electrified vehicle sales is Germany. BEV market
penetration reached 1% in 2018, with close to 36.000 all-electric vehicles sold during the past year
[25]. If PHEVs are included as well, the amount of new registrations for electric vehicles rises up
to almost 70.000 vehicles. This sets a promising starting for the upcoming development of EV in
the broadest European car market. In a country where traditionally petroleum fuel vehicles have
had an important representation, hosting some of the most renowned companies in the
automotive industry, electric vehicles are starting to take firm steps towards a less fuel-fossil
dependent transportation sector.

With 47 million vehicles on German roads according to latest KBA data, the representation of
electrified powertrains is yet very modest. Roughly 140.000 BEV and PHEV are being daily used.
This entails the capability, yet to be exploited, to develop a more sustainable mobility in the future.

United Kingdom

The deployment in its early stages of electrified powertrains in the UK confirms the sustained trend
over the rest of European countries where the popularity of zero-emissions tailpipe powertrains
is increasing. Being the second biggest market in Europe, it reaches the near figure of 60.000
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electric vehicles sold. Attaining a non-negligible 2,7 % of the total sales, both BEV and PHEV are
being successfully introduced into the British LDV market.

The vehicle stock evolved from 3.500 units in 2013, to more than 234.000 in-use LDV nowadays
[26] [27].

France

France market is also not an anomaly in electrified powertrains adoption. It represents the second
European country to achieve the 100.000 electrified powertrain registered LDV. These vehicles
have been gaining popularity recently, leading them to come close to a 1,8% of market share. The
total number of all-electric LDV sold in the preceding year was around 39.000 units [28]. Since the
early 2000s, diesel fuel engines have ruled new vehicle registrations, mainly driven by French
automakers which have particularly focused on developing this particular engine technology.
Nevertheless, recent years show this is no longer the case as diesel vehicles have been negatively
affected by regulations. This could potentially leave an opening for EV to expand faster. Also, the
French government continues announcing the banning of ICEV sales by 2040 [29].

The current stock of BEVs and PHEVs on the road is close to 250.000 vehicles. It is the largest on
road electric fleet in any European Union member.

Netherlands

The Netherlands is a country where electric vehicles have performed particularly well historically,
specially PHEVs comprise for 81% of the share of AFV. Nonetheless, the EV trend seems to be
changing towards BEV, which are gaining predominance. With a market share of 5,8%, it
represents an advanced country regarding EV adoption. The barely 24.000 LDV registered in 2018
contribute building a solid base for the Dutch market to become an outstanding vehicle
electrification pole [30].

Accounting for already more than 121.000 LDV registered plug-in electric vehicles, their share in
the total fleet represents approximately 2,5%.

Spain

The electrification of the road transportation sector in Spain is making remarkable progress.
Despite its early phase with a poor success, electric vehicle market penetration rates are gaining
importance recently. They achieved a 0,9% of new registrations share, contemplating almost
12.000 plug-in LDV registered during 2018 [31]. However, BEV and PHEV have potential to
overcome the 2% threshold over the actual year and current numbers account for that [32].
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Having an estimated figure of 35.000 registered electric vehicles in the Spanish LDV car fleet, plug-
in electric vehicles account for less than 1% of the in-use total.

Il — Incentives as strategy to close the existing gap

No matter how interesting the electrification of LDV fleets might seem in terms of GHG emissions,
there are other key factors involved when deciding to shift towards more fossil fuel independent
vehicles. The convenience from a user perspective must be sufficient in order for large number of
users to decide to adopt one of these greener technologies. Incentives from the governments and
institutions are a key factor driving the change towards EV adoption. They are an effective strategy
which reduces the difference between an ICEV or an AFV. At the same time, they support
consumers in their decision-making process to purchase a more environmentally friendly vehicle.

In this section, a review is presented of the regulatory measures the European Union has
implanted to reduce the adverse contributions to GHG emissions from the road transportation
sector. More detailed analysis regarding the existing incentives to close the gap between
electrified powertrains and ICEV in the six studied countries is carried out. This is necessary to
understand up to what extent they can contribute in the adoption of electrified powertrains.

Development of a framework to set emissions reductions goals

Policies are conceived to enhance the accomplishment of stated, achievable goals. Therefore, it is
important to learn what is their ultimate intention. In the line of a generalized change to more
sustainable less carbon-dependent economy, the European Commission decided to adopt a
specific low-emissions mobility strategy in 2016. This road map towards a more environmentally
friendly road transportation sector is set in order to attain in 2030 a 40% reduction with regard
to 2008 levels. Having a broader horizon, it represents an 80-95% reduction in 2050 related to
1990 GHG emissions. Both reduction steps are aligned with the Paris Agreement of limiting the
global warming to 22C by 2050. The targets are initially stated in the “White Paper on
Transportation” [33], and reiterated at the 2030 EU Climate and Energy policy framework [34].
Both documents gather an extensive analysis on the factors influencing the deployment of the
transportation sector. It is in this frame of work that more specific policies at different European
levels have been built [35].

Since Light-Duty Vehicles are responsible for 15% of total European GHG emissions, it is crucial to
restrict their contribution. The growing pace of road transportation in total share has pushed
policy-making authorities to encourage the CO2 emissions reduction in new vehicles. As most of
new vehicle registrations still rely on petroleum fuels, mitigating their contribution by improving
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fuel-economy is an important strategy to face the upcoming years ahead. Whereas AFV
deployment without other reinforcing measures is unlikely to change this trend rapidly. Previous
policy had targeted levels for new cars in 2015 of 130 gCO2eq/km. In case the average fleet
emissions of a given manufacturer surpasses the standing legislation’s target, an excess emissions
premium has to be paid by the manufacturer for each registered car. This fee accounts per every
gC02eq/km in excess. The response from the automotive industry was surprisingly positive by
mostly reaching these levels two years ahead in 2013. Light-commercial vehicles (LCV), also
commonly known as vans, were scoped by European legislation in 2011, two years after cars, with
175 gC02eq/km as objective. Their response was even more significant reaching the targeted
levels in 2013, 4 years in advance of the fixed timeline. Greenhouse Gas emissions per km have

been going down since 2010, reaching in 2018 barely 120 gCO2eq/km and 158 gC0O2eq/km for
new registered cars and vans respectively [36] [37].
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Figure 6: Passenger car average new registrations emission evolution by European country [38].

As Figure 6 shows, since the announcement from the European parliament on the approval for
legislating new LDV registrations in 2007 [39], the average emissions per kilometer have followed
a steeper downward trend. This underlines the effectiveness of such policies which have brought
a reduction of 20 gC0O2eq/km since 2010. Extended to all the new registrations of passenger cars
in the European Union it shows the consequent benefits in terms of GHG emissions. As a matter
of facts, the strong link between vehicle tailpipe emissions and its fuel-efficiency indicates a major
decrease in passenger cars fuel consumption. This helps to mitigate the foreseen increase in oil

prices, maintaining vehicles operating costs or even in some cases reducing them. Nevertheless,

Analysis Of Electrified Powertrains’ Role In Reducing Light-Duty Vehicle Greenhouse Gas Emissions In Major
European Countries

Chapter 2 - Electrified powertrain technologies as an alternative to regular combustion engines

-31-



Ferran Clemente Rodrigo

2018 - 2019

recent data raises a different tendency where the pace of average emissions reduction has been
slowed down or even increased in some of the countries.
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Figure 7: Light-Commercial Vehicles new registrations emission evolution by European country [40].

The reductions regarding European countries van fleet’s exhibit a similar pattern to cars. With a
progressive decrease in the amount of CO2 per km over the preceding years, some countries such
as France, Portugal or Spain have attained the 2020 average emissions target four years earlier.

Electrified powertrain vehicles and its adoption are also promoted by these emission regulatory
policies. As the average emissions are calculated taking into account the manufacturer’s vehicle
models sold, having more success in selling AFV will give a better margin in achieving the objectives
and compensate those models which GHG emissions are higher than the standards. On top of that,
the Super Credits or ZLEV incentives will make the participation of vehicles below 50 gCO2eq/km
more significant, by applying to them higher weight factors while calculating the average fleet
emissions.

Incentives dedicated to enhance EV adoption

Aligned with European Commission guidelines towards a more sustainable road Transportation
sector, governmental institutions have established certain regulatory policies to lead the way for
AFV adoption. These measures aim specifically to increase the purchase incentives and
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convenience of using more environmentally friendly powertrain technologies in the countries
where they apply.

The following table summarizes the utilization of existing types of incentives and how they are
adopted across the full European territory. It indicates about the degree of implication
government’s incentives have regarding electrified powertrain introduction.

Table 1: Summary of the current EV incentives in European countries [41] [42].

Purchase . Business Infrastructure Local
Country L Tax Benefits . . .
Subsidies Benefits Incentives Incentives

v v
v

AUSTRIA v
BELGIUM v
BULGARIA

CROATIA

AN A VAN

CYPRUS

CZECH
REPUBLIC

DENMARK

ESTONIA

FINLAND

FRANCE

GERMANY

AN VA VAN
A AN
A AN
AR

GREECE

HUNGARY

v
v v

ICELAND

ANANA UL VA NE UL U U N WA

AR
ANANAN

IRELAND
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Most EU members have adopted complementary policies to enhance the European Commission
legislation. Incentives are considered effective if they enhance the probability of consumers to
buying an AFV. They intervene directly in the decision-making process of consumers who are
contemplating renewing their personal transportation vehicle. The push policies are crucial, as
they promote the development from the side of the automotive industry which pull into the
market with more attractive models. Otherwise the introduction of electric vehicles in LDV sales
would be limited by the barriers to adoption: in other words, it would be much harder to overcome
the initial constraints.
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A more detailed approach is needed to understand the effectiveness of these incentives. Going
further, an analysis is carried out that addresses the six major European countries studied in this
work. The goal is to describe the precise measures in these markets and how sales have been
affected after their implementation.

Purchase subsidies

In an effort from public administrations to promote EVs purchases, a specificamount of the regular
market price of less GHG emitting vehicles is deducted. Known as purchase subsidies, they provide
financial support to those customers who decide to buy an AFV. Generally, this is a direct reduction
of the retail price. The amounts may differ, depending on the country and the emissions per
kilometer certified in tests. The following table summarizes the purchase subsidies for the major
six European countries studied in this thesis.
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Table 2: Purchase subsidies for LDV new registrations from countries studied and effective period

[41] [42].
Country BEV Purchase subsidies PHEV Purchase subsidies
NORWAY - -
e 4000 € when vehicle price e 3000 € when vehicle price below
GERMANY below 60.000 € 60.000 €
(2016-2019 or 400.000 sales) [43] (2016-2019 or 400.000 sales)
e Cars 35% of purchase price, up e Cars 35% of purchase price, up to
t0 3.500 £ 3.500 £
UNITED KINGDOM | ® Vans20% of purchase price, up | e Vans 20% of purchase price, up
to 8.000 £ to 8.000 £
(2011-2020) [44] (2011-2018)
e Bonus up to 6.000€ in purchase * Bonus up to 6.000€ in purchase
. . . discount for vehicles emitting
discount for vehicles emitting 4 % of th
under 20gC0O2eq or 27% of the un e'r .2'0gC02eq or 27% of the
acquisition cost [45] acquisition cost
FRANCE e Additional bonus for older (2012-2018)
vehicle scrappages, up to e Additional bonus for older
>-000€ vehicle scrappages, up to 5.000€
(2012-) (2012
NETHERLANDS - -
e Cars Up to 5.500 € subject vehicle
e Cars Up to 5.500 € when range when purchase price below
purchase price below 48.400€ 48.400€
SPAIN e Vans Up to 6.000 € when e Vans Up to 6.000 € subject
purchase price below 48.400€ vehicle range when purchase
(2011-) price below 48.400€
(2011-)

* Some of the purchase incentives amounts may have differed over time while they were in place.
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Tax Benefits

The most common tax benefit is a significant - or even total - exemption on their Value Added
Taxes (VAT). It usually is compensated by a rise on regular combustion engine vehicle’s taxes,
especially of those not complying with the environmental legislations.

Some countries like Spain also release BEV from their registration tax. In France the percentage
depends on the region, whereas in UK it applies depending if the BEV purchase value vehicle
emissions, is less than 40.000 £. In the case of Netherlands, the registration tax is calculated as a
function of the gC02eq/km, when the vehicle is certified.

Another form of tax benefit is road tax exemption. This is the tax needed to allow vehicles on the
road. For most of the studied countries, this circulation tax is removed or broadly reduced for
greener powertrains.

Norway deserves special mention: there the tax benefits are a key component in explaining the
great success electrified vehicles have experienced. Incentives for low-emissions powertrains
started to be adopted in the early 1990s. The Norwegian government does not give any financial
support based on the purchase of the vehicle itself. Their efforts converge on having a taxation
system that benefits buying an electric vehicle. With a 25% VAT and road circulation tax
exemptions, and no registration or import tax applied to all EVs, strong conditions that encourage
AFV adoption sat up. The sum of all these incentives makes EV an attractive option as a daily means
of transport. In the Norwegian LDV when comparing total prices of the same vehicle model but
with different powertrain versions, the electrified version usually has a lower price [46] [47].

Business Benefits

Similar to tax benefits, they target directly the EV adoption among corporate vehicle fleets. These
allows to reduce company taxes while using electrified powertrains for professional purposes.
Particularly, in Germany the use of BEVs as professional vehicles is treated as taxable income for
the company at a fixed amount of 1% of the purchase price.

Infrastructure Incentives

Infrastructure development is considered as a key asset to succeed in the AFV adoption. As new
powertrain technologies rely on other refueling / recharging methods, different from the
conventional refueling process, a new network to assure the availability of adequate energy supply
has to be developed. Therefore, several incentives aim to ease building new charging points.
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One of the strategies to promote the adoption of plug-in vehicles is to promote installation of
rechargers in private households by offering grants. In UK eligible customers may receive up to
75% of the costs of installing a charging point, limited to 500 £. French homes can benefit from a
30% tax credit for installing a residential charging point.

Other countries such as Norway and Germany have approved a budget to develop a more
functional charging station network, setting target numbers as goals. Spain follows the same trend
by having funds destined to promote the development of the public and private charging points.

Also, in countries like in Netherlands, it is possible to deduct the amount invested in developing
clean technologies from corporate or income taxes. This applies while developing the recharging
infrastructure by installing new charging points at households or workplaces.

Local incentives

Regarding local incentives they are intend to support the increase in convenience of low-emissions
vehicles by allowing users to drive in special lanes, having free parking in given locations or
granting access to user to congested city centers. Especially these local measures promote
behavioral changes in drivers, as they aim to reduce cities air pollution and congestion. They also
infer priority to public transport and more sustainable mobility solutions, which are viewed as
more advantageous.

Partial conclusions

Each of the existing types of incentives has a complementary effect. Their cumulative impact
closes the gap between new powertrain technologies in its early stages of adoption and
conventional ones. It can be observed that sales increased considerably by the time incentives
came into effect. The market penetrations of plug-in electric vehicles are strongly influenced with
the presence of incentives in its early stages of deployment. They surely represent an effective
tool to rise the number of EVs on the road.

However, other important factors such as automakers’ efforts to design and produce more
attractive car models for consumers and the economic situation in each individual market are also
important for understanding the success of AFV. In order to be able to analyze the effectiveness
of incentives exclusively, it is necessary to frame each situation. To correlate the deployment of
incentives with their direct impact in market shares and evaluate their relevance, more variables
need to be understood. This would need a supplementary analysis for each country studied, which
is out of the scope of this thesis. Nonetheless, the information gathered in this thesis is sufficient
to understand that incentives play a key role for guiding the path for electrified powertrains.
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This gives an overall idea of the existing tools in European countries that drive the change.
Electrified powertrains have managed to close the gap thank to the in-effect incentives partially,
and the proofis that EV sales volumes have experience a generalized increase since their approval.
The market penetration of electrified powertrains has gained relevance and actual trends confirm
an even brighter future. Analyzing if without these incentives the adoption would continue is out
of the scope of this research, but analyzing the effects would estimate the real progress these
technologies have done during the past years.

lIl — Present and Future Barriers of adoption of AFV

However surprising the AFV market penetration evolution has been in the previous years, still
many challenges remain uncertain regarding their immediate future development. Differentiation
must be done between the introduction of these technologies and their large-scale adoption as
an effective solution to replace on a daily basis current road transportation means. As it has been
explained in the precedent section, incentives are an effective strategy to encourage the adoption
of new mobility options to users. Nevertheless, in some aspects current incentives have little
capability to enhance electrified powertrains. More social and technological strategic factors must
be developed to assure the extensive use of these types of vehicles.

Discussions over the main current, and then future barriers of adoption are carried out through
this section. Awareness on the challenges of introducing these greener powertrains is the first step
to successfully overcome their limitations.

Battery technology limitations

Thanks to recent improvements in battery technologies, it has been feasible to introduce
rechargeable vehicles into the market. Guided by HEV models that previously have served as
pioneers for adopting larger batteries than regular ICEV, new electrified powertrains have been
conceived increasing considerably the energy density of their batteries, hence having higher
energy storage capacity. Nowadays, BEV commercial models benefit from batteries up to 100
kWh. Therefore, their high energy density, high power density or low rates of self-discharge
represent strengths that enhance their deployment. However, the use of batteries as energy
storage systems implies many other challenges to EV adoption.

The cost aspect is a key factor when deciding which type of powertrain should be adopted.
Electrified powertrains have higher purchase prices compared to conventional combustion engine
vehicles due to the cost that have higher battery systems.

It is true that in recent years the gap between these vehicles’ cost has been reduce. Thanks to
important investments in building bigger factories and better knowledge in battery manufacturing
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techniques, it has been possible to scale down costs. Uncertainty, especially in expensive battery
materials amount and their stock evolutions, makes it hard to predict future costs per kWh of
battery storage capacity with confidence. Nonetheless, the average prices have been going down
by a 14% annually between 2007 and 2014 [48]. Starting at the beginning of that period with costs
above 1.000 $ / kWh, they nowadays approach 176 S / kWh when it comes to battery packs for
electric vehicles applications. Price reductions in the last years represent the promising progress
battery technology is making, but this progression has slowed down below an average 8% yearly
decrease [49].

Nonetheless, in situations when incentives are not considered, retail prices remain significantly
higher than ICEV with similar characteristics. The experienced evolution curve itself is unlikely to
attain the necessary levels to make electric mobility more attractive than internal combustion
engines in the near future. In absence of incentives, the even price between battery electric
vehicles and conventional vehicles is considered to be 100 S / kWh, which is been proved to be
difficult to reach it at least for the next ten years. Therefore, structural innovations on the storage
technology itself and the materials used will likely be needed in order to achieve levels where BEV
become cost competitive, independently of the incentives in place [50].

Battery Electric Vehicle Internal Combustion Engine Vehicle

Chassis
9-12%

Vehicle Body
11-20%

Battery Pack
35-50%

Chassis
4-9%

Figure 8: Total costs breakdown comparison between Battery Electric Vehicles and Internal
Combustion Engines. Percentage intervals indicate the variability of each of the components in the
total share costs [51].
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The weight of the battery cells in electric vehicles represents an important percentage of its total.
Currently it represents around 250 kg for an average compact BEV model and increases up to 450
kg for big pick-up electric vehicles [52]. As the battery capacity is linked to the travel distance per
recharge that an electric vehicle has, extending its range does not only increase its price
considerably, but it also affects the performance of the vehicle. Although trends show more
compact batteries in the future in order to reduce their weight considerably,

Last but not least, the useful life of current battery technologies makes electric vehicle adoption
more challenging. Battery performance is notably influenced by electrical, mechanical or thermal
factors. The effect of battery aging is linked to the number of recharging cycles and under which
conditions they undergo [53]. Estimating more accurately the aging mechanisms of batteries is
crucial for determining their total useful remaining life. It determines how the total emissions as
a consequence of the battery manufacturing process would be shared over the full vehicle’s life.

Recharging process and network

At first sight, one of the most striking differences between plug-in electrified vehicles and
combustion engine vehicles is how they procure the energy for their propulsion systems. Even the
word describing the action differs. While the first type of vehicle needs to be connected to an
energy source — generally the grid — to recharge, the other can refuel its tank at any gas station.
Currently there is a wide variety of recharging options for plug-in vehicles. They are usually
classified by maximum charging rates (in kW) and leverage the ubiquitous electrical grid,
respecting its connection requirements. The following table summarizes all the available charging
levels in the market, with 22 kW of power being stablished as the boundary between slow and fast
chargers.
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Table 3: Current methods available for EV recharging [54] [55].
Attributes Level 1 Level 2 Level 3 Level 4
Slow charger Slow charger Fast Charger Fast Charger
Description Conventional Public charging Still in Alternate | Direct Current (DC)
household plug point Current (AC) conversion made
AC AC AC
DC
Nominal Voltage 1 Phase 250 V 1 Phase 250 V 1 Phase 250 V
600V
3 Phase 480 V 3 Phase 480 V 3 Phase 480 V
Maximum
16 A 32A 32A 400 A
Current
Power <3.7 kW >3,7and <22 >22kWand < < 400 KW
owe ’ kw 43,5 kW -

In contrast to the current petroleum-based fuel refueling network which is well spread, the
availability of recharging points is less obvious. In order to promote the development of a more
accessible charging network, European countries have to set targets for its deployment and
forecasted the number of EV sales. The European Commission suggests to have at least one public
charging point (PCP) for each ten electric vehicles for 2020. After analyzing recent results, the goals
are likely to be met in following years [56] [57]. However, it has been realized at its early stages
that public charging points are not being used as much as expected.

After the early stages of adoption have been successfully realized, an important problem arises.
The continuation of the development of the recharging network requires a considerable
investment. This linked to still modest market penetrations of EVs and to existing recharging
techniques far from being as convenient as refueling in most of the situations, makes it less
attractive for investors to finance the complete build-out of the network. Big progress has been
made in most of the European major countries, where plug-in vehicle adoption still at its early
stages is gaining relevance, communicating optimism for future development. Incentives are
expected to become a key factor in building the cornerstone of a much broader and effective
recharging network.

Nevertheless, the recharging process entails a much more relevant limitation from a consumer
perspective. Recharging times are far from being as competitive as pumping fossil fuels to fill
regular combustion engine vehicles’ tanks. In a typical best-case scenario, a fast charger could
offer an 80% complete charge of the battery in around 20 minutes, depending on the ambient
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conditions. Also, how the battery aging is going to be influenced by these state-of-the-are
recharging techniques is yet to be studied in more detail.

Automakers’ efforts to change consumers perception

Traditionally most of the current automakers have developed exclusively internal combustion
engines vehicles. The change towards electrified powertrains entails reshaping progressively their
current business model. Therefore, the plug-in vehicle technology requires significant resources,
not only for continuing making progress towards more robust powertrains, but also in changing
consumers’ state of mind. It is in that particular aspect that automotive manufacturers have not
been that successful. Promoting new powertrain technology vehicles has a direct impact on the
willingness of consumers to buy them. However, recent studies show that car manufacturers aim
to promote larger vehicle segments, rather than shifting towards more electrified powertrain [59].
Although, the budgets accounted have increased in the previous years, aiming ambitious sales
goals from the side of car manufacturers [59].

Energy demand increase

The load electric vehicles could significantly affect the electricity grid’s future, its energy demand
and its distribution through the day. In order to be capable of efficiently manage the new loads
that EV adoption implies, the development of what is commonly known as smart grid is advisable.
This would be necessary in order to avoid the instabilities that larger fleet penetrations of plug-in
vehicles would entail. For instance, to recharge a single electric vehicle with 24 kWh of battery
capacity, it would be required the same amount of energy than for a European household per day.
Also, in case of installing a private charger, it would increase its current demand by 17% to 25%
[60]. The aggregate effect would imply important loads in peak hours, leading to load unbalance
and degradation of power quality. However, a broader assessment on the energetic profile,
economical aspects and operational impacts is needed to give more clearance each specific case.
In other words, for a successful adoption of electric vehicles, the electricity grid should evolve and
adapt in parallel.

IV — Relevance of electricity supply and vehicle production

When assuring that AFV will become a more environmentally respectful solution, some factors
need to be considered with caution. In spite of not having tailpipe emissions — or less significantly
in the case of PHEV — electric vehicles do consume electricity, which at the same time is supplied
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by the grid and produced from different energy sources. These energy sources are always
associated with certain amounts of emissions. Analyzing the electricity generation process with
Life Cycle Assessment (LCA) data is important to consider the GHG emissions associated with the
overall process. This gives a more comprehensive knowledge about the actual benefits of adopting
alternative powertrain technologies. Though it is a complicated task to gather all the relevant
information to specifically assess life-cycle GHG emissions at each scenario, using average values
estimates conveniently each situation. The ultimate goal is to enable more reliable judgement
while analyzing the trade-offs of introducing new powertrain technologies.

LCA methodology

When implementing a Life Cycle Assessment approach all different stages in the full life of the
evaluated subject must be considered. Often described as a “cradle-to-grave” vision, it takes into
account from the extraction of the necessary materials used in the process, until its end of useful
life. Also, LCA includes all actions needed to dismantle and recycle the remains after the studied
item is decided to no longer be suitable for operating. In order to picture the complete scene with
accuracy, it leverages information from very broad sources. Therefore, to integrate all the
interdisciplinary knowledge it requires to enlarge the understanding about the subject analyzed.

Therefore, LCA results a very accurate methodology to measure the cumulative environmental
impacts. Contemplating all the factors involved helps to analyze all the outcomes of a given
process, estimating the repercussion each of them individually have. Before performing any LCA,
some aspects should be clarified.

The first thing is to define the scope and the goal of the assessment. Before conducting any
evaluation, it should be defined what are the boundaries of the analysis performed and what is
the final objective. Setting the boundaries may have a high influence in the results, that is why it
exists an important variability between LCA from similar nature. Once all the limitation to the
assessment are set, it is necessary to elaborate the inventory with all related processes. Identifying
the nature of all the inputs and outputs to the LCA performed, as well as quantifying their
environmental impact. For instance, all results should be ultimately measured in gCO2eq for the
evaluating global warming effects. Every input data used for the analysis has to be contrasted and
verified as far as possible, to guarantee complete and reliable outcomes. Principal frameworks for
LCA are defined by 1ISO 14040:2006 [61].

Emissions LCA applied to energy generation sources

LCA data is also applied for electricity production. Although renewable energies represent a clear
alternative for reducing GHG emissions related with the electricity production process, they are

Analysis Of Electrified Powertrains’ Role In Reducing Light-Duty Vehicle Greenhouse Gas Emissions In Major
European Countries

Chapter 2 - Electrified powertrain technologies as an alternative to regular combustion engines

2019

-44-



Ferran Clemente Rodrigo

2018 -

still linked to certain environmental impact. In this thesis, Life Cycle assessment data considers in
each calculation all energy sources involved for supplying the required energy to recharge all the
in-use plug-in electric vehicles.

The following table presents an example of LCA scope when performing GHG emissions
calculations are conducted in two different energy sources. Percentage represent the share of
emissions accounted at each stage of their useful life.

Table 4: Life Cycle Assessment comparison between Wind and Coal electricity production sources.
Review of the actions considered and the percentage each stage represents in the total useful life
GHG emissions.

2019

Life Cycle Stages

Wind

Coal

Raw materials
extraction

Raw materials
extraction
Construction

. Actions considered materials
Implementation Module manufacture anufacture
r Wind turbine and
processes . Powerplant
farm construction )
construction
% of life-cycle emissions ~86% <1%
Coal mining
Coal preparation
Power Generation Coal transportation
. Actions considered ) Coal combustion
Operational Plaht Operation and Powerplant
processes maintenance

operation and
maintenance

% of life-cycle emissions

~9%

>98%

. Actions considered
Dismantlement

processes

Wind turbine and
farm
decommissioning

Power plant
decommissioning
Waste disposal
Coal mining land
rehabilitation

% of life-cycle emissions

~9%

<1%
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But the energy generation process is not the only external factor that could potentially affect the
emissions comparison between AFV and ICEV. As the components are different between each
powertrain technology, the energy required to manufacture each type varies. In particular, battery
manufacturing process are high energy intensive, introducing significant differences.

Emissions LCA applied to vehicle production process

When it comes to vehicle production process, remarkable differences exist between each type of
powertrain. All the necessary components to constitute an operational vehicle are considered
while performing a GHG emissions LCA.

Production Phase Manufacturing

Raw Material /
Extraction

F
AR
¢

l

End of Life
Recycling

l . Fuel Cycle
\ Use Region-specific/

Figure 9: LCA stages in GHG emissions calculations over vehicle useful life [62].

The precedent figure illustrates the different stages considered while calculating the useful life
GHG emissions of a regular passenger vehicle. Regarding the manufacturing process emissions,
several assumptions rule the calculations. Depending on the useful life of the vehicle and the total
distance travelled, the emissions per unit length would be separated differently. Also, the size and
the technology employed for the powertrain influence the vehicle production outcome.

Notably, a higher uncertainty raises from the battery manufacturing process for electric vehicles.
In the literature many studies can be found regarding this topic, with values going from 56 up to
250 kilograms of CO2eq per kWh of battery capacity [63]. Therefore, depending on the size of the
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and the materials employed for their manufacturing process, the total emissions could differ
significantly.

To summarize, after considering all the important factors which have a relevant role while
guantifying the total vehicle emissions, in average BEVs have the potential to reduce by a factor
of two total vehicle life-cycle emissions. This is based on results of several related studies that take
into consideration approaches on the same line than this thesis.

1,0

0,9

0,8
0%
0,7
0,6
05 0%
04
03
0.2
0,1
0,0
BEV FCV

Gasoline Turbo-SI Diesel PHEV
B Production B Fuel Cycle B Vehicle Use

Figure 10: LCA GHG emissions comparison between different powertrain technologies available and
their relative percentages for each life cycle stage [64] [65] [66].

Results shown in figure 9 shows benefits in terms of GHG emissions while assessing each available
type of vehicle with LCA methodology. These results rely under various assumptions and represent
a general idea of comparing the overall environmental impact of the powertrain technologies
studied in this research. For instance, PHEV vehicle use and fuel cycle emissions rely on the
percentage of kilometers travelled using electricity. Also, fuel cycle emissions of BEVs are directly
related to grid energy sources, which may differ significantly from one region to another. Many
uncertainties raise when calculating the fuel cycle emissions for FCVs, as hydrogen production for
transportation uses is still on its early stages of deployment. However, the previous figure helps
to understand in average the potential benefits of adopting greener powertrain technologies.
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Chapter 3 - Strategies to reduce the carbon

footprint from LDV fleets

Here are reviewed the existing strategies being used by major stakeholders to reduce greenhouse
gas emissions from the road transportation sector. These strategies are usually based on a set of
interrelated actions, and their effectiveness relies on the commitment of each party involved.
They can be categorized based on the nature of the changes targeted. It is their overall effect that
determines the total GHG emissions reduction. In this chapter, the most important strategies to
reduce carbon footprint from LDV fleets in European countries are presented.

| — Vehicle improvement strategies

Improving vehicle emissions implies enhancing already existing powertrains and developing more
fuel-efficient ones. Therefore, technology strategies that gather together all actions that
contribute to better fuel economy from conventional vehicle technology are important.
Emphasizing fuel consumption reductions requires a willingness to allocate current resources
towards developing more environmentally respectful mainstream vehicles.

Better engine efficiency

Higher engine efficiency is achieved by applying technological improvements to upcoming vehicle
models. The increasing adoption of turbocharged gasoline combustion engines provides benefits
in the fuel economy of existing propulsion systems of up to 12%. Wider benefits are attained by
adding a battery pack and electric motor, shifting towards a hybrid electric vehicle. This allows to
reach an average 30% fuel consumption reduction. Other particular aspects for current engines,
where improvement margin still is possible, are expanding the implementation of start / stop
systems when idling the engine, increasing the operating compression ratios, or reducing the
friction between mechanical components [67].

Vehicle weight reduction

When it comes to vehicle fuel consumption, vehicle weight has a significant impact. The mass of
the vehicle directly affects tire rolling and acceleration resistances that oppose to motion. The
vehicle’s inertial resistance also represents an important part of the load that the propulsion
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system needs to be able to overcome. Thus, reducing the vehicle’s weight lowers the total energy
spent to produce its movement. Hence, shifting towards more lightweight vehicles represents an
effective strategy in reducing their fuel consumption. As some studies have analyzed, obtaining a
10% weight decrease results in an average 7% improvement in fuel-economy, at constant
acceleration performance [68]. The potential paths for successfully minimizing a vehicle’s weight
are introducing lighter materials in the manufacturing process, reducing the size of the vehicles or
redesigning some components in order to have more compact structures.

Tire rolling resistance and aerodynamic drag

Rolling resistances are not only dependent on the weight of the vehicle. The tire’s road contact
surfaces, the materials used and their inflation pressure influence the friction coefficients, thus
having an impact on the vehicle’s fuel consumption. This tire rolling resistance has experienced
about 1% decrease year to year [69].

Aerodynamic drag is defined as the force that opposes vehicle’s motion through its surrounding
air. It is proportional to the square of vehicle’s speed and therefore, most relevant when travelling
at high speeds. Strategies for improving fuel economy by modifying the aerodynamic drag aim to
reduce both the vehicles effective frontal area and its drag coefficient. This has a smaller potential
for improving fuel consumption than targeting reductions in weight, but still represents an
opportunity to develop more environmentally respectful vehicles.

Il — Behavioral changes

Behavioral changes can also produce vehicle environmental benefits. These could come from
more responsible use of the existing means of transportation.

Reduction in vehicle kilometers travelled

Travelling daily remains a hard-to-avoid need. However, responsible use of the means of transport
available should be the personal responsibility of all citizens. By enhancing public transport
networks and other complementary means of transportation to replace conventional passenger
cars in an effective way would provide environmental benefits. The direct implications could
reduce the number of Vehicles Kilometers Travelled (VKT) significantly, and the GHG emissions
associated with road transportation. This trend has been well adopted in major European cities,
but further progress is possible for reducing traffic congestion due to extensive vehicle use.
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Less aggressive driving behaviors

Use of more respectful driving patterns can also reduce LDV emissions. While avoiding
unnecessary accelerations and braking cycles, and too high speeds, the overall fuel efficiency
improves. It is the main cause to why vehicle test cycles have lower fuel-consumptions values than
real life on-road performance. The average gap between tested cycle emissions and real world
corresponds a 20% reduction for WLTP cycles. This may also differ between the test-cycle used to
determine fuel consumption [70].

Benefits from fleet turnover towards more fuel-efficient vehicles

Encouraging the turnover of vehicles in the fleet turns out to have important benefits in terms of
GHG emissions. More vehicles with better fuel-efficiencies are introduced into the market, their
potential to mitigate environmental impact increases. In other words, as years pass the positive
emissions impact of replacing old vehicles with higher fuel consumptions becomes more relevant.
That is why, by motivating consumers to renew their personal vehicle more often, the average
emissions of the in-use car parc are decreased.

lIl — Strategies aiming for transformation

Strategies aiming to transform powertrain and vehicle technology to more energy efficient ones
represents a clear path towards significant reductions in GHG emissions from the transportation
sector. However, this has to be considered as a medium- and long-term strategy, as well-advanced
transformation is necessary to achieve remarkable effects.

Introduction of greener powertrain technologies

Promoting the adoption of greener powertrain technologies is often viewed as the most effective
solution to reduce LDV emissions. Plug-in electric vehicles rely on electricity generation to reach
their emissions benefits with respect to conventional engines. Although for all countries studied
in this thesis, which have an important contribution of electricity generation from renewable
sources, this is proving an effective solution to mitigate road transportation emissions.

However, to change towards these new greener powertrain technologies their initial barriers to
adoption have to be overcome. The consumers perspective, motivated by incentives, will
determine the AFV adoption rates. As it is explained in Chapter 2, even if the levels of market
penetration of these technologies are already relevant, they are still in its early phases for most of
the European countries.
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Another effect of adopting AFVs in major European countries in-use fleets, is the potential
displacement of the vehicles’ distance travelled. As some studies have shown previously, plug-in
electric vehicles are less driven than conventional ICEVs [71]. This raises the question whether
introducing AFVs displaces the distance travelled by the total fleet, or indeed it will require a
higher number of vehicles to offer the same mobility requirements. Nevertheless, this remains out
of the scope of this thesis work and in terms of vehicles travels, all are considered the same.

More sustainable energy supply

Transforming strategies also requires improving the existing electricity grid. Replacing energy
supply sources with more environmentally respectful ones has an immediate impact on the total
LDV emissions. As the market share of rechargeable vehicles increases, the load they represent in
the electricity supply becomes more important. This increases the relevance of having a greener
grid, which will account for the emissions of generating and transmitting the required amount of
energy. Nonetheless, reducing the average carbon intensity from the grid only has relevance, in
terms of road transportation emission, when BEV and PHEV reach a significant percentage in the
in-use vehicle fleet.
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Chapter 4 - Fleet Model Simulation Tool

The use of a simulation tool is the cornerstone of this thesis for analyzing the impact of introducing
on the road newer powertrain technologies. Yet predicting the consequences of forecasted
scenarios implies a degree of uncertainty among the results obtained, it serves as a quantifiable
source of information for comparing the relative impact of different rates of adoption. In this
chapter the reader can find a detailed description of the simulation model developed for this
research and how it has been conceived.

| — Description and advantages of Fleet Model

First of all, it is important to clarify notions used while describing the model. The timeline horizon
is defined as the final year of simulation, for all cases it will be 2050. At the same time, the starting
point which all future results will be based on is 2017. Data is used for all previous years
calculations, beginning the Fleet simulations at 1980. The calendar years are referred as actual
years where GHG emissions are calculated. On the other hand, model years are considered the
date when new vehicles are introduced to the fleet stock.

The powertrain technologies studied in the calculations for evaluating the total environmental
impact of LDV fleets are: gasoline ICEV, diesel ICEV, HEV, PHEV and BEV. For the case of Fuel Cell
Electric Vehicles (FCEV), they are included in the model, although due to the very early stages of
technology deployment it is difficult to estimate future rates of adoption. Therefore, they have
not been considered in future scenario simulations.

The tool leveraged in this thesis, also called Fleet Model (FM), is an arithmetic assumption-based
simulation model. By using historical sales data and gathering the fundamental characteristics of
each country’s LDV market, it is possible under specific assumptions to explore different strategies
and quantify the consequent effects of attaining them. The logic behind Fleet Model calculations
has been used in several previous reports before. A mathematical representation of the vehicle
fleet size can be obtained by tracking the in-use stock, and introducing the frequency by which
they are added or removed from circulation. Associating the age, distance travelled, powertrain
technology and all other attributes to each vehicle it is possible to estimate their overall resultant
activity.

This research exploits the benefits of such a simulation tool to understand better the
consequences in terms of GHG emissions of a range of strategies regarding the evolution of LDV
fleets in major European countries.
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The objective is to leverage a comprehensive and robust model to identify the possible outcomes
of adopting a set of strategies in the studied markets. Exploring a range of scenarios using a Fleet
Model is very helpful in assessing the sensitivity of results to each of the parameters studied. Their
relative impact in terms of GHG emissions is the ultimate output of the simulation calculations.

Other simulation tools have been considered as potentially useful for the type of interests
contemplated in this work. Dynamic Models are interesting thanks to the feedback loops they
include. Using technology diffusion methods, represented by differential equations, a simulation
of innovation adoption can be carried out. Techno-economic and social influence parameters are
contemplated and can be included within the model’s calculation structure [72] [73].
Nevertheless, it is difficult to accurately estimate their effect and they add significant complexity
to the calculation. When it comes to adapt these Dynamic Models to each case, the biggest
challenge is the calibration of the feedback loops. As each country has its unique dynamic, the
linked effects are not readily identifiable, being very difficult to replicate properly.

It is in that particular area that the Fleet Model simulation tool is especially effective, replicating
exactly what is assumed in the characterization of each LDV market. As it is primarily built upon
extensive arithmetic, the calculation is straight-forward. It is true that many parameters are
related in some way, one with another; thus, it is tricky to isolate each individual contribution to
final results. However, taking into account the objectives of this work and what are the available
resources to build a robust and time-efficient simulation tool, it was decided that the Fleet Model
is the most useful tool for answering the scoped problematics of this research.

The logic and structure of the model used is based on the Sloan Automotive Fleet Model, used for
the scenario calculations for the “On the Road toward 2050” Report [74]. It was first employed by
Professor’s Heywood research group in 2004, who exploited the earliest generation of this model
type [75]. The calculations done by the model can be briefly summarized with the following figure:
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Figure 11: Block Diagram of the basic principle in Fleet Model's logic.

Starting with the number of new vehicle registrations per year and applying the corresponding
annual survival rates, which represent the probability of a given vehicle not being scrapped, the
model calculates the total LDV in-use stock. This constitutes the total number of vehicles in
circulation at a given country and time. Including the Vehicle’s Kilometers Travelled (VKT) for each
vehicle it is possible to obtain the total number of kilometers the current fleet is travelling each
year. Supported by the market penetration rates of each powertrain and what the fuel
consumption is for every single one them, the model can estimate the total amount of fuel used
for the propulsion of all the vehicles. The Fleet Model transitions from the actual fuel mix data to
consider the carbon content per fuel volume and thus calculate the total GHG emission of the
studied LDV fleet.

The following equation specifies the fleet GHG calculations in a given calendar year t for every
powertrain technology p in the fleet:

t
GHGt = Z Z Nt,p,MY * VKTt,MY * FCp,MY * CIt,p

p MY=t,
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Where:

e Ng,umy represents the current stock of in-use vehicles propelled with powertrain
technology p, from model year MY in calendar year t.

e VKT, yy is the number of kilometers travelled by a vehicle from model year MY in
calendar year t.

. . - .
e FCpuyy is the fuel — or energy - consumption of a vehicle’s energy source using

powertrain technology p which was first registered in model year MY, given in L/ km

or kWh/km , depending on the type of propulsion system used.

e (I, is the carbon intensity of the vehicle using powertrain p. This shows the amount

of gCO2eq emitted per energy resource consumed, in gCOzeq/L or gco, eq/kWh'

The amount of detail in the input data is what culminates into more realistic results. Nevertheless,
the evolution of each of the parameters which contribute to the output calculation depends on
several assumptions. While building the Fleet Model for each case, to obtain plausible results it is
important to thoughtfully establish all the assumptions and the hypotheses. In the next section it
is explained precisely how the development of the model as a functional simulation tool has been
achieved.

Il — Fleet model development

As mentioned above, the logic of the Fleet Model used in this research is inspired by previous
simulation tools that were developed for the same purpose: to analyze the consequences of
adopting a set of strategies and evaluate their relative environmental impacts. In this case, the
fleet model has been adapted for the set of European countries that are studied in this work.

Going further, the amount of detail developed in the simulation tool used broadens the scope
compared to previous existing Fleet Models. These models are built upon existing data and
extrapolate into foreseeable future as defined by the assumptions. By adding more detailed
information it is possible to obtain better-grounded starting situation for calculations to estimate
future scenarios. It is important to thoughtfully build the model with more reliable datasets, since
the assumptions are mainly set by understanding previous evolutions.
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Data used to build the model

Several data sources are needed to obtain all the necessary information to develop a background
grounded enough for the calculations to be meaningful. The Fleet Model initiates previous years
before the actual date and builds the in-use stock of vehicles progressively until the current
timeline commences. All the previous parameters included in the model go from 1980 to 2017.
This is decided for having well-documented and extensive input data to feed the model. Using
data from present date for some parameters would bring more difficulty, as in most of sources
the data is still incomplete.

The sales profiles of each of the countries analyzed in this research represent the key element in
order to replicate the most reasonable starting point. It is thanks to several accessible data sources
provided by country governments and European institutions, that it is possible to recreate the
sales trends for each LDV market. In some cases, the sales number needs to be extrapolated due
to the lack of data.

To better quantify the particularities between each LDV country fleet it is necessary to a more
complete detail on the sales. It is not sufficient to have the total number of sales in a given year.
The historical sales trends need to be broken down into the different available vehicle
powertrains. At the same time, vehicle types may vary widely. Even for a given propulsion system
and vehicle size, their performance can differ significantly. Therefore, it is important to consider
the segmentation of the vehicles constituting the fleet for each existing powertrain. However, this
has to be done with caution as an “excessive” segmentation of the vehicle types and their
powertrains could lead to unnecessary sophistication of the model, which becomes increasingly
time consuming to build and modest benefits in the differences contributed by the additional
detail. The proposed Light-Duty Vehicle segmentation is the one utilized in all Fleet Models for this
thesis:

e Cars: This segment includes conventional four-wheel passenger cars. It is broad,
containing small cars up to large wagon vehicles.

e SUV: Sport Utility Vehicles (SUV) is the category of vehicles which combines
characteristics of on-road passenger vehicles, with some off-road elements such as
high clearance or generally a four-wheel drive. They are also commonly known in
European countries as 4x4s.

e OLT: This segment gathers all the vehicles which are large, have high weight and
usually are used for professional purposes. Also, Other Light-Trucks (OLT) are mostly
known as Light-Commercial Vehicles (LCV). It mainly consists of vans in European
countries.
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At each country and segment, there has been also a differentiation for each type of powertrain.
Therefore, for each segment considered for the model calculations it also needs to account for the
registrations per powertrain technology.

Car and SUV segmentation in market shares is similar regarding powertrain types, but there is a
lack of more consistent data. That is why both have been assumed to follow very similar
distributions regarding powertrain technology, but their absolute number is scaled by the total
share of the segment. For OLT, the segmentation by powertrains can be done, as there is reliable
data available. In Appendix A are gathered the details regarding every sales data set used and its
reference.

To obtain the resultant stock of in-use LDV it is not only necessary to consider the new
registrations, but also to simulate how these vehicles are removed from circulation. This is taken
into account in the Fleet Model by using survival rates. There are no consistent data to characterize
the scrappage rates at each different country. Consequently, they are represented by a time
dependent function whose output is the probability that a vehicle will have to survive at a given
year with respect to their registration year [76].

Survival Rate (t) =1 — 2t o Pt

Where:

e ¢, isthe median life-time of a corresponding model in years.

e tisthe time variable evaluating the survival rate at the current year.

e a is model constant set to 1, though in some literature that is considered over
restrictive [77]

e s agrowth parameter dictating how fast vehicles are removed and can be adapted
to each segment.

This then allows the model to calculate how new LDV registrations will be removed from the model
progressively, simulating the actual fleet dynamics. At the same time, survival rates are a factor
inherent to each country, as the fleet turnover is triggered differently. To gather the particularities
of the studied European countries, the fleet data has been supported by the evolution of the
median lifetime in years. However, calculating the median life-time for a precise year new
registration number of vehicles is unrealistic with the available data, especially from dates before
the digitalization of information where the data is blurred. For most recent model years, it is
extremely challenging as the vehicles are still on the road and it is hard to predict how the aging
effect will influence them.
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In order to build into the Fleet Model, the particularities associated with each country’s LDV fleet
aging, and consequently with future Survival Rates for every model year, have to be considered.
Therefore, it is needed to leverage a new methodology for determining the median lifetimes to
match in-use data with the output of the simulation. Leveraging vehicle in-use data helps to
identify what the evolution of the fleet stock should be like. At each model year, all the parameters
in the time dependent Survival Rate function are kept constant, except the median life-time which
is calibrated to replicate how the number of in-use vehicles fluctuates. This allows the simulation
to replicate the market dynamics individually at each country studied. The results show
remarkably similar trends between the model stock calculation and the actual number of LDV in
circulation.
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Figure 12: In-use vehicle stock Fleet Model Calibration. Case applied to French LDV fleet

The above figure shows how the Fleet Model calculations converge towards real in-use LDV fleet
data, following an initial start-up evolution. It can be appreciated that at the current model
timeline, in 2017, the difference between the source input data and the simulation calculation is
negligible. Same procedure is replied at each different market. At the start of Fleet Model
calculation, the vehicle in-use stock is zero. It is progressively built into the simulation, reaching
after a period latency a stationary situation where the model converges towards the real in-use
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LDV fleet. Therefore, in the previous figure it takes close to 10 years to reach actual vehicle in-use
numbers. For each country studied, the comparison between current vehicle stock and Fleet
Model calculations can be found at Appendix B.

The Vehicle’s Kilometers Travelled and its evolution is an important parameter that characterizes
the fleet behavior. It represents how many kilometers are travelled by any LDV registered in a
precise year, and how this number shifts while aging. Two different trends must be differentiated
here: the evolution year by year of new vehicles entering the stock fleet and how these new
vehicles divide their total mileage over the years on the road.
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Figure 13: Normalized VKT evolution curve with vehicle aging [78].

The equation for describing VKT as a function of the calendar year is [78]:

VKT, = VKT,,,, - e
Where:

e VKT, is the actual vehicle kilometers travelled per year at year t.
o VKT,,, is the vehicle kilometer travelled per year of a brand new vehicle.

e risaslope parameter adjusting the speed which VKT decays over.
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As mentioned before, VKT,,,, changes depending of the model year that the vehicle is included
into the in-use car parc. In several studies, it is documented that the average number of kilometers
travelled for a Light-Duty Vehicle has been increasing at least until about 10 years of age. This
trend is applied beyond current data-based simulation timing; nevertheless, some studied sources
suggest that this numbers are reaching a plateau and recently, the tendency is being reversed [79].

In addition, average fuel consumption (FC) — and energy consumption for electrified powertrains
— input data is necessary to estimate the current and earlier levels. Fuel-efficiency is what
determines how many energy units — implicitly stated in the volume and composition of a
petroleum fuel or explicitly in the quantity of electricity —are required in a given type of powertrain
to cover a precise distance. Of course, these values depend on many factors such as the driving
behavior, the weight and size of the vehicle, and the ambient conditions. In an effort to reduce
this spread in fuel-consumption, even in a particular model, standardized cycles are required in
order to certify vehicle fuel consumption and emissions. Thanks to these data and specific reports
from market segmentation and individual model sales, the average fuel consumption of a LDV
country fleet can be determined [80]. Based on several sources, it is possible to develop a
methodology to gather input data from previous vehicle’s fuel consumption and obtain its
progression with time. In Appendix C, all the information regarding the development of the fuel
consumption datasets is explained.

Last but not least, the Fleet Model has to convert the actual amount of energy consumed per year
by the total LDV fleet into GHG emissions. The relevant carbon intensity (Cl) factors are used this
thesis’ calculations. The scope of this research has enlarged the Fleet Model consideration by
accounting for the emissions not only while the vehicles are circulating on the road, but also for
the emissions related to the vehicle production and the fuel drilling and transportation, as well as
for the necessary electricity production to propel electrified powertrains. This approach benefits
the model through a broader life-cycle perspective by analyzing the total GHG emissions of the
LDV fleet. It not only accounts for the emissions produced on the countries’ territory, it includes a
representative value indicating how significant are these overall vehicle emissions and fuel
production.

For emissions accounting on the vehicle production side, the LCA methodology used takes into
account all their processes and their energy use employed for manufacturing a vehicle. Then they
are converted into the total amount of gCO2eq emitted during the whole process. The quantities
used for each powertrain technology are detailed in the following table.
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Table 5: GHG Emissions related to vehicle production process by powertrain technology for car

2019

segment [81] [82].
Emissions associated with vehicle production
Powertrain technology
in metric tons of CO2eq / vehicle
Gasoline 7,5
Diesel 7,5
HEV 9,5
PHEV 11
BEV 14,5
FCV 11,25

Since this kind of calculations are difficult to carry out for each of the European countries studied
in this work, these values will be adopted in every Fleet Model application. Nonetheless, the
emissions related to manufacturing process are directly linked to the vehicle size and weight,
which differs from one model to another. These differences should be considered in order to
estimate precisely the vehicle production emissions. Since the Fleet Model includes different
vehicle segments, for each one of them it scales the total GHG emissions per vehicle produced -
typical values shown in Table 5 - by the average relative weight difference with respect car
segment.

When petroleum fuels are used, the emissions accounted for fuel production are also a non-
negligible contribution to LDV GHG emissions. The crude oil after being extracted from lower soil
layers, needs to be transported to refineries where it is treated to reach exploitable compositions
for current internal combustion engine vehicles. It is then distributed as gasoline and diesel to
refueling stations. These actions are all required to supply adequate fuel at the distributing
locations, they are also considered as a contribution to global warming effects derived from LDV
fleet. This amount represents around 20-25% of the total energy used by the vehicle [83]. This is
often known as the Well-to-Tank (WTT) emissions, while the purely on-the-road associated
emissions are Tank-to-Wheels (TTW) emissions, giving the total gCO2eq emitted by unit of volume
for a particular fuel composition. The overall emissions are considered the Well-to-Wheels (WTW)
emissions.

Leveraging the factors that characterize each fuel type, it is possible to find their carbon
intensities.
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Table 6: Petroleum fuel characteristics considered in Fleet Model calculations

Emissions equivalents Energy density
Petroleum fuel
in gCO2eq emitted / L of fuel in MJ / L of fuel
Gasoline 2300 32,2
Diesel 2630 35,8

The carbon intensities of WTT and TTW emission then can be deducted:

Table 7: WTT and TTW carbon intensities for Gasoline and Diesel fuels adopted in Fleet Model

WTT emissions TTW emissions
Powertrain technology
in gCO2eq / MJ in gC02eq / MJ
Gasoline 23,8 71,4
Diesel 24,5 73,5

For electrified vehicles powered by grid electricity, the emissions are displaced. The energy
generation mix, which represents how the different energy sources are combined to supply
electricity for users’ needs, is then responsible for the GHG emissions. Combining the emissions
for every source of electrical energy is not trivial, as their nature differs significantly. Renewable
energies are responsible for cleaner electricity as they are not directly linked to any kind of
emissions while operating. In contrast, fossil fuel energy sources release their energy through
combustion reactions and are able to transform it into useable electricity. Nuclear energy is a
particular case among the energy sources, as it uses fission reactions of radioactive isotopes and
by means of Rankine cycle produces electrical energy. They are considered as clean energy source,
but nuclear plants are associated with a degree of risk of radioactive exposure to their
surroundings. However, they all entail a certain degree of GHG emissions. Combining LCA data
from different sources, allows the Fleet Model to quantify the emissions of every energy source
contributing to electricity production. Using European Commission data [84], it is possible to
calculate the average generation mix in each country of the European Union. Data for Norway is
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extracted from governmental sources and the International Energy Agency (IEA) [85] [86] [87].
The next table summarizes the carbon intensity factors considered for each energy source to
calculate total emissions associate with recharging plug-in vehicles in each country.

Table 8: Energy sources considered in Fleet Model calculations and associated carbon intensity

factors.
Carbon Intensity factors
Energy sources
in gC02eq / kWh
Solid fossil fuels, peat and products, oil shale and oil sands 1038
[88]
of which hard coal [88] 960
of which brown coal [88] 1050
Oil and petroleum products [88] 778
Natural gas Combined Cycles [88] 443
Nuclear [88] 10-66
Hydro [88] 10
Wind [88] 7
Solid biofuels and renewable wastes [88][89] 35
Biogases [88] 11
Liquid biofuels [89] 203*
Solar PV [88][90] 32
Geothermal [88] 38
Tide, Wave and Ocean [91] 53
Wastes non-Renewable Energy Sources [88] 430

* Only considers the biofuel production LCA average value, accounting for the Land usage to
cultivate corn bioethanol and not the associated emissions to the energy production complete life
cycle.
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However, carbon intensities in Table 7 represent average values among all the extensive variety
found in the literature. Each LCA is conducted under its own boundaries, leading to have a
significant spread for some of the electricity sources.

Il — Common assumptions inherent to all calculations

When estimating future situations, it is always important to settle a set of assumption. In that way
it is possible to define boundaries and control under which circumstances the predictions will be
more accurate. It is crucial while developing a model which evaluates the impact of forecasted
scenarios, to establish these assumptions as thoughtfully as possible. Well-grounded hypothesis
on the estimated calculations lead to more coherent results. For the development of the Fleet
Model calculations a wide set of assumptions is needed to replicate future foreseeable LDV fleet
dynamics.

Some of the assumptions are inherent to all the calculations. This helps establish a stable base
shared in all explored scenarios.

Market penetration shares evolution

How future sales penetrations will evolve in the future years is hard to predict. Therefore, while
exploring the different set of targeted 2050 market penetration rates, it is important to define
what is the trend each powertrain technology is assuming to attain them. For every case,
independently of the estimated levels of adoption in the forecasted timeline, the path between
both will be achieved linearly.

Market Sales Penetration,, = Market Sales Penetration,,_, + A Adoption rate,

Where:

e Market Sales Penetration,,, is the actual market sales percentage at calendar year
t, for powertrain technology p.

e Market Sales Penetration,,,_, is the previous calendar year t — 1 market sales
percentage, for powertrain technology p.

e A Adoption rate, represents the market sales penetration variation year by year, for

powertrain technology p, at a given scenario.
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At the same time, the adoption of AFV vehicles has been slower in for Light-Commercial Vehicles
than for passenger cars. Due to their bigger size and the more important gap in convenience
between combustion engines and electrified powertrains, the transition towards greener
technologies is likely to need more time. Therefore, it is important to take it into account in the
market penetration rates. That is why for every scenario explored, the targeted level of
penetration for HEV and AFV is more modest than for cars or SUV.

Fuel consumption evolution

For estimating the future fuel consumption of each vehicle segment and each powertrain
technology, a recursive learning evolution curve has been defined. As it appears in some reports,
the trends of fuel consumption change are usually referred to the average percentage of
improvement with regard to the precedent year [92]. While figures go down and improvement
rates (IR) remain unchanged, the absolute improvement in fuel consumption year by year
diminishes. In the Fleet Model, the improvement percentage rates are considered constant year
by year and the following equation describes how it is adopted in the simulation tool.

FC,= FC,_, - (1 +IR)

Where:

e F(C, is the actual fuel consumption at calendar year t.
o [F(C,_, isthe fuel consumption of the previous calendar yeart — 1.
e |Risthe improvement rate.

Sales evolution and car ownership

The sales evolution represents the number of new vehicles that are registered in the LDV fleet and
this number changes year by year. It is an important parameter as it sets the growth of the market
itself. Introducing more or less vehicles into the market has an immediate impact on the GHG
emissions, as its contribution is linked to the size of the LDV fleet. For that reason, the assumption
on the sales evolution needs to be set with a common logic to all countries, but respecting the
particularities and foreseeable trends of each one of them. How LDV sales evolve is mainly related
to vehicle demand and car ownership perception.
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While vehicle demand is linked to consumers’ willingness to purchase new vehicle, whether to
renew their old one or to buy it for the first time, car ownership is intrinsic to each society. It
entails the pride of owning a car, but also its convenience against other means of transportation.
Since most of the European cities have increasingly extended public transportation networks and
traffic congestion in big city centers is under its way to be extremely reduced, car ownership levels
are not likely to increase. Also, rail transportation is becoming a more popular means of
transportation to connect different cities. That is why, LDV sales are regarded unlikely to increase
from that point of view. However, the high level of independence they offer assures them a major
role in future of mobility, as current operating costs still allow to be a very convenient road
transportation method. In the Fleet Model developed for the different European countries studied
in this work, the car ownership perception is considered constant. As a matter of fact, this leaves
to sales demand from the consumers side to rule the sales evolution.

Each LDV market size has an unequivocal relationship to its country population. In this LDV fleet
simulation tool it has been assumed that variations year by year in sales number are driven by the
future population prospects [93]. Fleet turnover mechanisms are more complex and this
represents a wide simplification, as various external factors - such as automotive companies’
efforts in introducing new models, decision-making process of consumers or nations
macroeconomic situation — interfere in the real process. The resultant outcome is challenging to
estimate. That is why in the Fleet Model, it has been adopted that LDV market enlargement is
linked to the average rate of population variation in each country. However, the vehicle total in-
use stock with their age.

LDV fleet median life-time evolution

To have the complete fleet turnover mechanism included in the model, after setting how new
vehicles will be introduced in the fleet, it is also crucial to define how they will be removed. In
order to estimate how vehicles are scrapped in the model, Survival Rates are associated to new
registration. As seen before, using the same Survival Rates formula the model associates the
probability of a model year vehicle to remain in circulation, a certain number of years after its
registration. For LDV introduced in the Fleet Model after 2017, it is needed to evaluate how mean
life-time of those vehicles will be.

As technology improves for all powertrains, the vehicles tend to become more robust and reliable.
This reduces the need to replace them as often as expected previously. The consequent effect is
a reduction in the scrappage rates of LDV fleets, which can be interpreted as an aging of the
number of new introduced vehicles. As a matter of facts, it represents an average increase of the
time they remain in-use, influencing directly the in-use vehicle stock. To recreate this effect in the
Fleet Model, the Survival Rates formula is modified by an increase in median life-time. In all
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countries it has been assumed the aging happens at the same rate, as differences are difficult to
estimate.

Quantifying the effect of aging out of the scope of this research. But the effect has an important
influence in fleet turnover. That is why, for every calculation it is considered a linear increase in
LDV median life-time of 1,65 years, with regard to 2017.
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Figure 14: Survival Rates formula comparison between 2017 and 2050 with evolution over vehicle
age.

The Survival Rates comparison highlights how significant is the fleet aging factor introduced in the
model. The graph shows the effect of increasing the median lifetime and how it is been translated
to the probability of a vehicle being scrapped. It is also important to underscore that 35 years after
their entry in circulation, all vehicles from a given model year are considered scrapped.

Sales by segment adoption

Sales are distributed among all the segments included in the simulation tool. Representing how
this distribution will look like in the calculated scenarios is crucial, as vehicles have different

Analysis Of Electrified Powertrains’ Role In Reducing Light-Duty Vehicle Greenhouse Gas Emissions In Major
European Countries

Chapter 4 - Fleet Model Simulation Tool

-69-



Ferran Clemente Rodrigo

2018 - 2019

performances and thereby their GHG emissions differ from one segment to another. Basing on
previous data of their market shares it is possible to replicate the tendencies.
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Figure 15: Market share percentage evolution for OLT segment from 2006 to 2017 in major
European countries

For OLT - or Light commercial Vehicles — segment market share in the Fleet Model, the forecasted
trend is assumed to stay constant for each country analyzed. Based on previous data from multiple
sources - all references in annex A — the shares have been fluctuating around the same figure, as
it can be appreciated in the previous graph.

For SUV and Car segment it is more difficult to assess what would be the more predictable
situation.
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Figure 16: Market share percentage evolution for SUV segment from 2006 to 2017 in major
European countries.

While some countries like Norway, Germany or United Kingdom, the SUV segment adoption has
been well spread and the relevance in market sales is rapidly increasing, other European markets
such as France, Spain or Netherlands have not seen their shares modified over the last years.
Therefore, different profiles have been developed for the Fleet Model, in order to able to explore
different scenarios regarding segment adoption.
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Figure 17: Different SUV adoption normalized trends assumed in the Fleet Model for exploring
different scenarios

Figure 17 shows the different normalized curves allowing to explore several scenarios with respect
vehicle segment adoption impacts. Since the curves rely on starting market share at 2017 for each
country, future calculations consider previous progress in adopting a particular vehicle segment.

VKT evolution for upcoming Model Years

The plateau of kilometers driven per vehicle, attained by current LDV in modern European,
suggests that these numbers are likely to decrease. Some countries have already experienced
these trends, while others are still very steadily keeping the VKT numbers [94]. In the Fleet model
it has been considered that these numbers will slightly decrease over the upcoming years,
reverting the previous trend observed in the past years.

All new registrations vehicle kilometers travelled have been estimated in function of 2017 data.
The VKT changes from one country to another, and is linked to the assumption that an average
LDV vehicle will travel 250.000 km during their entire useful life.
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Electricity grid use and future generation mix

Plug-in electrified powertrains rely on the grid to be able to recharge. Therefore, it is assumed that
AFV will use the electricity of the grid with an average generation mix, among all the available
electricity sources in a particular country. All information included in the Fleet Model regarding
electricity production can be found at Appendix D.

For estimating the future electricity supply in each country, it is based on actual countries trends
to develop more a more sustainable grid. Most deployed renewable energy sources are estimated
with an optimistic realistic extrapolation. At each country, nuclear energy actual perception is
considered for estimating its future prospects [95]. As some countries have decided to become
independent from nuclear energy in their electricity production process, it is needed to include
this information in the Fleet Model while assuming future energy mix.

Also, the technological and environmental improvements are considered in every calculation,
reducing the carbon intensities of each energy source recursively each year. This takes into
account the efforts in improving the technologies itself and transforming them to greener means
of energy procurement.
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Figure 18: Fleet Model data flow diagram.
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The above figure describes in detail the structure of the Fleet Model, as well as all the input
parameters used in each scenario calculation. All the different elements aggregateence which
leads to effectively simulate the total LDV HG emissions rates inodel data flow diagram presented
in Figure 18, orange boxes represent input data while green boxes are assumptions thoughtfully
established to evaluate future LDV fleet’s impact on GHG emissions. Exploring the sensitivity and
analyzing the ese assumptions are the main goals of this thesis. The next chapter describes the
parameters of interest for this research and the ranges within they are estimated to change.
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Chapter 5 - Scenarios

Once the simulation tool has been developed, the next step was to define a set of scenarios, to
enable to quantify the relative importance that key influencing parameters have in terms of GHG
emissions. The goal of this chapter is to present the scenarios that were conceived to estimate the
potential of several strategies aiming to reduce road transportation environmental impact. These
strategies involve LDV fleet improvements such as increasing the emphasis in fuel consumption
reduction or having more rapid AFV adoption over the six European countries analyzed.

The analysis starts by defining a reference scenario for what is a plausible path for each country
studied in this research. This reference scenario represents the backbone for scenario sensitivity
analysis carried out. In the next section, how the individual country reference scenarios were
established is discussed, as well as the details of the starting situation in every country.

| — Reference Scenario definition

Establishing reference scenarios is needed to have a likely base situation to assess all the actions
analyzed. Even if all are envisaged under the same logic, they need to respect each countries’
precise situation. For major European countries studied, except Norway, it seemed appropriate
that the market penetration of electrified powertrains — sum of HEV and AFV — would be 55% of
the total vehicle sales in 2050. In contrast to the rest of the studied countries where the rates of
adoption of these vehicles by 2017 are comparable, the Scandinavian country has already reached
around 50% of electrified vehicle penetration by that date. It, being unlikely for Norway to have
only a 5 percentage points increase in the electrified vehicle sales in the following 33 years, it was
decided to treat Norway differently. This methodology leads to different rates of adoption for each
powertrain technology. Also, the ratios between each of the electrified powertrains are kept
constant all over their adoption. This means that the ratio of AFV over HEV sales and the ratio of
BEV over PHEV sales remain unchanged as these greener technologies are introduced into the
market.

Regarding to vehicle fuel-economy in reference scenario, it was fixed throughout the calculation’s
timeline, a one percent yearly reduction of the fuel-consumption of a given vehicle segment and
powertrain the year before. This sets the improvement rate at -1% in every European country.

The electricity generation mix evolution is assumed to evolve reducing its carbon footprint
progressively. In each country, the trend of introducing more renewable energies is identified.
Extrapolating linearly this tendency of greening the electricity grid constitutes an optimistic, yet
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realistic evolution. The calculations replicate this evolution and calculate year by year, the average
carbon intensity per MJ of electricity produced. More details are described at Appendix D.

The details comparing the market share situations in 2017 and 2050 for the different reference
scenarios in each LDV fleet studied are explained below.
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Figure 19: Sales penetration variation between 2017 and 2050 in French LDV market by segment
and powertrain technology for reference scenario.

France is a country where BEV adoption is becoming significant, starting at sales rates in 2017
above 1,2% for Car and SUV segments. However, PHEV presence remains modest. Regular HEV
have had more important success as their adoption is more uniformly spread out, as consequence
of their higher convenience. For OLT segment, Diesel are predominant as also found in the rest of
reference scenarios.
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Figure 20: Sales penetration variation between 2017 and 2050 in German LDV market by segment
and powertrain technology for reference scenario.

In Germany gasoline cars are have more popularity than diesel for the LDV market. Also, though
AFV are considered relevant, their absolute sales numbers in the total market sales are fewer than
in other European countries by 2017.
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Figure 21: Sales penetration variation between 2017 and 2050 in Dutch LDV market by segment
and powertrain technology for reference scenario.

The Netherlands represents a well-advanced country in terms of LDV electrified powertrains
adoption. All together, the market share of PHEV and BEV is above 2% by current starting date of
future year calculations (2017). In previous years, higher rates of PHEV adoption have been

experienced, but this trend now seems to be shifting towards BEVs.
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Figure 22: Sales penetration variation between 2017 and 2050 in Norwegian LDV market by
segment and powertrain technology for Reference Scenario.

As Figure 22 shows, Norway is a very special case for analysis. By 2017 the current rate of adoption
of HEV and AFV together was close to 50%. More remarkable is the rate of adoption for PHEV and
BEV which both separately reach almost 20% of the total number of sales by that year. After
considering the actual progress in the introduction of plug-in electric vehicles in Car and SUV
segment in Norway, it seemed appropriate to set as the reference scenario for Norway the
achievement of market share of 100% for BEV, PHEV and HEV (all together) by 2050. For OLT
vehicle segment, this adoption has experienced less rapid less rapid AFV introduction. That is why
the AFV calculation in 2050, that the rate of adoption would be still less rapid than in the other
segments.
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Figure 23: Sales penetration variation between 2017 and 2050 in Spanish LDV market by segment
and powertrain technology for Reference Scenario.

The most noteworthy aspect of the Spanish LDV market is the high presence of HEV in 2017 market

share [96]. Despite the fact of not having any kind of incentives, regular hybrid vehicles have

performed surprisingly well. The negative point is the slow rate of adoption of AFV which are

almost non-existent at present date. This allows room for a wider margin of improvement in terms

of fleet GHG emissions. Also, to highlight that diesel vehicles still have an important presence at

nowadays market shares.
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Figure 24: Sales penetration variation between 2017 and 2050 in British LDV market by segment
and powertrain technology for Reference Scenario.

The British LDV market shows, from the AFV side, by a significant presence of PHEVs. At the
starting calculation market situation, they represent 1,4% for both Car and SUV segment. Regular

hybrids have seen an important adoption as well. Note the important “dieselization” of the OLT

segment market, reaching shares close to 100% in 2017.

Analysis Of Electrified Powertrains’ Role In Reducing Light-Duty Vehicle Greenhouse Gas Emissions In Major

European Countries

Chapter 5 - Scenarios

-83-




Ferran Clemente Rodrigo

2018 - 2019

Summary of reference scenarios parameters by country

Table 9: Reference Scenario Fleet model parameter comparison between major European countries

studied.
Market
Sales FCimprovement = Median lifetime =~ Market share
Country growth rate increase share 5V
per year per year per year % Ratio PHEV
Ratio
France 0,26% -1% 0,05 years 0,44 3,35
Germany -0,11% -1% 0,05 years 0,97 0,84
Netherlands 0,09% -1% 0,05 years 0,52 4,50
Norway 0,86% -1% 0,05 years 3,04 0,96
Spain -0,13% -1% 0,05 years 0,13 1,14
United
. 0,42% -1% 0,05 years 0,70 0,36
Kingdom

Listed in Table 9 are the most important parameters in the Fleet Model simulation for each of the
Europeans countries analyzed. Following Tables 10 and 11, summarize the current (2017) input
market shares of all the powertrains and the ones assumed in 2050 for the reference scenarios.

Analysis Of Electrified Powertrains’ Role In Reducing Light-Duty Vehicle Greenhouse Gas Emissions In Major
European Countries

Chapter 5 - Scenarios

-84-



Ferran Clemente Rodrigo

2018 - 2019

Table 10: Reference scenario market shares comparison between major European countries studied

in 2017.
2017 2017

Country Car & SUV Segment Market Shares OLT Segment Market Shares
Gasoline | Diesel | HEV | PHEV | BEV | Gasoline | Diesel =HEV | PHEV | BEV
France 47,7% | 473% | 3,5% @ 04% | 1,2% 2,5% 96,0% 0,1% | 0,7% | 0,7%
Germany 58,2% | 38,7% 16% | 09% @ 0,7% 6,0% 93,0% | 0,1% 0,5%  0,5%
Netherlands | 76,1% | 17,5% 4,2% @ 0,4% | 1,8% 3,3% 96,0% 0% | 0,1% | 0,6%
Norway 25,6% | 23,1%  12,7% | 19,7% | 18,9% 1,9% 96,0% 0% | 0,2%  1,9%
Spain 44,4% | 50,6% | 4,5% @ 03% | 0,3% 3,2% 96,3% 0% | 0,3%  0,3%
UK 53,4% | 42,0% | 2,7% @ 1,4% | 0,5% 0% 99,4% 0% | 0,3% | 0,3%

Table 11: Reference scenario market shares comparison between major European countries studied

in 2050.
2050 2050
Country Car & SUV Segment Market Shares OLT Segment Market Shares
Gasoline | Diesel | HEV | PHEV = BEV | Gasoline | Diesel | HEV | PHEV | BEV

France 22,6% | 22,4%  38,3% | 3,8% | 12,9% 2,1% 79,6% | 1,2% | 8,6% | 8,6%
Germany 27,0% | 18,0% | 28,0%  14,7%  12,6% 5,0% 76,7% | 1,8% | 8,3% | 8,3%
Netherlands | 36,6% 84% | 36,1% 3,4% | 15,5% 2,7% 799% | 0% | 3,3% 15,0%
Norway 0% 0% | 24,7%  38,4% 36,8% 1,3% 654% | 0% | 3,2% 30,1%
Spain 21,0% | 24,0% | 489% | 2,9% @ 3,3% 2,6% 79,1% | 0% | 9,2% @ 9,2%
UK 25,2% | 19,8% | 32,3%  16,7% @ 6,0% 0% 81,7% | 0% | 9,2% @ 9,2%
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Il — Exploring the sensitivity of parameters involved in scenario
calculations

The straightforward logic of the Fleet Model allows us to run many scenario calculations and
analyze the direct impact of gradually shifting the variables important in the overall simulation.
Exploring the sensitivity of the factors which predictably will have a potential benefit in reducing
GHG emissions is important to assess their comparative relevance. The following section presents
the different parameters evaluated in this work. The objective is to obtain a relative quantification
on the gains obtained while enhancing these strategies.

HEV and AFV future total sales penetration variations

For evaluating the effect of having more electrified powertrain vehicles on the road, the first
sensitivity analysis assumes greater sales shares of HEV and AFV in 2050. It shows how GHG
emissions will be affected while shifting towards having more representation of electrified
powertrains. Taking the reference scenario as starting point, with 55% of market penetration by
2050 the simulation horizon, variations of the final total market share of sum of HEV and AFV were
done. These changes in the adoption levels are achieved by applying multiplication factors.
However, when increasing or decreasing the sales percentages, all the ratios between the
different types of powertrain technology considered in the Fleet Model are unchanged, with
regard to the reference scenario.
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Table 12: HEV and AFYV sales penetration in 2050 sensitivity analysis comparison between the

different scenarios studied.

HEV + AFV HEV + AFV Ref HEV + AFV HEV + AFV
eference
Scenario dropped by dropped by . increased by | increased by
Scenario
50% 25% 50%
Car & SUV
HEV + AFV 27,5% 41,3% 55% 82,5%
market share
by 2050
OoLT
HEV + AFV 9,2% 13,8% 18,3% 27,5%
market share
by 2050

Emphasis on reducing fuel consumption

Inverting more resources in making actual technologies more fuel efficient is a strategy which
realizes a direct benefit in GHG emissions. Therefore, by exploring the different expected
situations regarding the fuel consumption evolution over time can give a good estimate of the

benefits of reaching these levels. The values were chosen based on several historical trends

observed in European countries.
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Table 13: Fuel consumption improvements rates comparison in studied scenarios.
Reference
Very low Low Scenario High Very High

Scenario emphasis on | emphasis on Regular emphasis on | emphasis on

FCreduction | FCreduction | emphasis on = FCreduction = FCreduction

FC reduction
Improvement
rate -0,1% -0,5% -1% -1,5% 2%

per year

Applying an improvement rate of -1% yearly reduction in fuel consumption is equivalent to

assuming close to a 30% progress by 2050, with respect to 2017 average values.

AFV over HEV sales penetration ratio variations

The relationship between AFV and HEV market shares is another factor considered in this thesis.

Performing a sensitivity analysis on the ratio between both of their respective market shares will

gives a clearer understanding of the consequences of shifting towards greater adoption in the

different types of electrified powertrains. Each country starts from current proper ratio. This

guotient is modified by applying a multiplication factor to in the different scenarios considered, as
shown in Table 14. While analyzing these scenarios, the ratio of BEV over PHEV market share was

kept constant at the reference scenario value.
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. , C . AFV . e
Table 14: Comparison of the different multiplication factors applied for the HEV Ratio sensitivity
analysis in studied scenarios.

Reference
Very high Scenario Very high
s . I-:IEVg High HEV High AFV :Fvg
cenario
) adoption Current adoption )
adoption adoption
AFV .
—— Ratio
HEV
Multiplication
All HEV 1/3 1 3 9
Factors

BEV over PHEV sales penetration ratio variations

In a similar way as the preceding case, a sensitivity analysis for the BEV over PHEV ratio was done.
Varying the ratio with a set of scenarios examines the effect of having a higher or smaller success
in adopting one powertrain technology rather than the other. To obtain a clearer sense of the
impact of changing this parameter in every country studied, a higher plug-in electric vehicle

penetration scenario is chosen as starting point for the sensitivity analysis. The chosen base

C . . : L . AFV
scenario is high AFV adoption from previous analysis, which is actually the reference scenario Y
Ratio multiplied by 3.
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Table 15: Comparison of the different multiplication factors applied for the % Ratio sensitivity

analysis in studied scenarios

) _ High AFV _ )
Very high High adoption High Very high
Scenario PHEV PHEV Current BEV BEV
success success BEV . success success
Ratio
PHEV
Multiplicati All plug-in Al plug-i
ultiplication ug-in
P vehicles 1/4 1 .p &
Factors vehicles BEV
PHEV

However, it is important to keep in mind that for every calculation in this sensitivity analysis, the

AFV . . . N L .
gy ratiofs kept as in the reference situation. The sum of AFV and HEV penetration is remains at

55% by 2050 in all cases.

Car and SUV segment sales share adoption trends

Evaluating the impact on emissions of adopting one specific vehicle segment rather than another
is also an interesting. As a vehicle’s fuel consumption scales proportionally with its size, shifting to
bigger vehicles would lead to an overall increase in the average fuel consumption of the fleet.
Some European markets, mainly influenced by the American LDV market trends are experiencing
these changes in average vehicle size distribution. Important differences exist between the current
SUV market shares in some of the studied countries. By applying the different SUV adoption trends
seen previously to each of the markets in their reference scenario, it is analyzed the sensitivity of
shifting the rate of sales to greater size LDV.

Electricity grid improvement

The GHG emissions intensity of the electricity used to recharge plug-in electric vehicles has a direct
influence on the total LDV emissions. Since EVs recharge their batteries from the grid, it is
important to identify the sources which generate the electricity in order to account for the real
effectiveness of rechargeable vehicles in mitigating road transportation’s global warming effects.
The electricity grid is a singular aspect of each country energy sector. Relevant policies vary from
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one country to the another and the resources available differ as well, it is important to include the
specific situations in each country in the Fleet Model calculations.

From the current electricity generation mix in 2017, it is possible to extrapolate the trend toward
a greener grid and apply it in future forecasted years. The same methodology has been applied
for each country. In Appendix D, all the information is presented regarding the carbon intensities
evolution trends of each of the six studied countries and the resulting generation mix in 2050.

In order to analyze the sensitivity of impacts to improving the grid in each of the LDV fleets, three
different strategies are evaluated. All the strategies used here are applied for the reference
scenario with the % ratio multiplied by three — High AFV adoption scenario - in each country. The

first strategy considered, which is also the one used for all reference scenarios, extrapolates the
actual greening tendency of the grid. The other two options represent the worst- and best-case
scenarios:

e Ascenario where the grid is not developed at all, staying at the current (2017) level source
mix.
e Another scenario which represents the option of recharging every single one of the plug-

in electric vehicles in the fleet with fully green electricity, accounting for no emissions.

Using these extreme cases, which go beyond likely future expectations, will show the potential
benefits of having much more environmentally respectful electricity generation sources.

Analysis Of Electrified Powertrains’ Role In Reducing Light-Duty Vehicle Greenhouse Gas Emissions In Major
European Countries

Chapter 5 - Scenarios

-91-



Ferran Clemente Rodrigo

2018 - 2019

Analysis Of Electrified Powertrains’ Role In Reducing Light-Duty Vehicle Greenhouse Gas Emissions In Major
European Countries

Chapter 5 - Scenarios

-92.



Ferran Clemente Rodrigo

2018 -

Chapter 6 — Results

Presenting the results obtained with the scenarios explained previously is the main focus of this
chapter. All the sensitivity analysis calculations were carried out for each country. Each study
provides quantitative assessment of the benefits of adopting various strategies to reduce GHG
emissions from LDV fleets. A major interest in performing this type of analysis is to explore the
potential impacts individually of key parameters, and compare their effectiveness in each country
studied. The extensive number of variables involved in the scenario calculations opens up a wide
range of possibilities that need to be explored.

| — Presentation of the reference scenario results

Reference scenario results are presented as baseline cases for each country studied, and are the
central case used to perform the sensitivity analysis. Taking into account the specific
characteristics of each European country LDV fleet and primarily based on the evolving rates of
AFVs adoption, from 2017 to 2050, it shows the changes in the emissions impact of each country’s
parc over time, under the assumptions described previously.

It is important to emphasize on the fact that all the results described in the research take into
account the GHG emissions resulting from the vehicle production and the fuel or electricity supply.
The impact associated changes depending on the vehicle size and the powertrain technologies
adopted. As more electrified powertrains are introduced into the in-use vehicle fleet, the
percentage of emissions that vehicle production is responsible for becomes more significant. This
is mainly due to the battery manufacturing processes which are high energy-intensive, and hence
have a higher carbon footprint.
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Figure 25: Total GHG emissions rates comparison in Reference Scenario between vehicle production
and on-road vehicle usage with fuel production for Norway’s LDV fleet.

As shown for Norwegian LDV fleet in Figure 25, the vehicle production emissions rise considerably.
This is linked to the progressively higher adoption of EVs while approaching 2050. Consequently,
the on-road ICEVs GHG tailpipe emissions are effectively reduced, though part of the emissions
gain is shifted to EVs production process. Overall, GHG emissions decrease. However, the
percentage of general vehicle production emissions goes from 11% in 2017 to almost 35% of the
total LDV emissions in 2050.
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Figure 26: Total GHG emissions rates comparison in Reference Scenario between vehicle production
and on-road vehicle usage with fuel production for Spain’s LDV fleet.

For Spain, - and similarly in the other European countries studied - as the fleet is still mainly
composed of vehicles having a combustion engine, the effect seen Norway’s results are smaller.
In this case, the vehicle production emissions percentages change from 11% in 2017 to 21% in
2050.

Giving a wider scope to the results and representing a more complete LDV environmental impact,
the sum of on-road, fuel or energy production and vehicle production is included in each of the
scenarios for the six countries analyzed.
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Figure 27: Comparison between total LDV fleet GHG emissions rates for the six major European
countries studied.

A comparison of the total GHG emissions of the different LDV fleets is shown above. The curves
reveal the evolution of LDV fleets total emission rates for their reference scenario. It also helps to
compare the contribution in absolute terms. For the studied countries’ LDV contributions to global
warming decrease in all reference scenarios. The relative spreads partially reveal the differences
in size between the different car parcs studied.
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Figure 28: Comparison between normalized LDV fleet GHG emissions rates for the six major
European countries studied. All emissions rates are referred to 2017 total LDV levels.

In order to be able to understand better the potential that electrified powertrain technologies
have to effectively reduce road transportation’s contributions to global warming, LDV fleet total
GHG emissions curves are normalized in Figure 28. All values are referred to 2017 emission levels
in each of the countries for reference scenarios. It shows more precisely the potential benefits of
introducing greener vehicles to the in-use fleet, in a foreseeable situation.

In the following section, a summarized overall view of the results produced in this research is
presented, highlighting the key results conducted in this research. The most comprehensive curves
for each of the sensitivity analysis are shown.
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Il —HEV and AFV total sales penetration, 2017 to 2050 - Results
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Figure 29: Total LDV fleet GHG emission rates for Germany. Sensitivity analysis results of electrified
powertrains market penetration variations in 2050.

In Reference Scenario, AFV + HEV market penetration reaches 55% in 2050. Variations in the final
market share of electrified powertrains are performed in this sensitivity analysis by factors
specified in each scenario.

In Figure 29 appears the sensitivity analysis performed for German LDV fleet. The emissions rates
are shown for the different scenarios, where progressively the market share of electrified
powertrains in 2050 is increased. The sensitivity analysis carried out rises the presence of HEV,
PHEV and BEV by a factor of 3, from worst to best case scenario.

Analysis Of Electrified Powertrains’ Role In Reducing Light-Duty Vehicle Greenhouse Gas Emissions In Major
European Countries

Chapter 6 — Results

-98 -



Ferran Clemente Rodrigo

2018 - 2019

Relative Emissions Rates
with respect 2017 levels Germany

1,00

0,85

0,80 A

0,75

0,65

0,60 -

050 +—+—"+t+—r++"+rttttttttt+ttt—+—t——F——F—F—1

D0, 0 0 03 s 03 503 05 s s 505 03 S0 s s S0 s s S0 s s s S0 . o 0. . S . S S, <
G %% DR RN BB YR DR U %2R % % %% % % % % %%

—HEV + AFV dropped by 50% —HEV+AFV dropped by 25% —Reference Scenario
—HEV + AFV increased by 25% —HEV + AFV increased by 50%

Figure 30: Normalized evolution of the GHG emissions rates for German LDV fleet.

Curves are expressed as the ratio of the GHG emissions rate year by year with respect 2017 levels.

These normalized results show the sensitivity of introducing more electrified powertrains into the
fleet, while keeping the initial ratios constant. The spread of the GHG emissions reductions by
2050 for the German LDV fleet, shifts from a 28% reduction in the most conservative scenario, up
to a 38% in the most optimistic, relative to 2017 levels. In order to more precisely display the
impact of reaching higher non-conventional ICEV market penetrations, the following figure shows
the percentage changes in GHG emissions rates over time, relative to the reference scenario.

Analysis Of Electrified Powertrains’ Role In Reducing Light-Duty Vehicle Greenhouse Gas Emissions In Major
European Countries

Chapter 6 — Results

-99.



Ferran Clemente Rodrigo

2018 - 2019

Emissions Rates Reduction
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Figure 31: Total LDV fleet GHG emissions rates percentual differences with respect Reference
Scenario in Germany for Sensitivity analysis results of electrified powertrains market penetration
variations in 2050.

As can be seen, the overall spread can reach up to around 10% in 2050 for full range of scenarios
for the German in-use fleet. This comparison accounts for the effect of increasing the share of HEV
and AFV only, and keeps the ratios between powertrains constant.

Likely situations can be found for the rest of European countries, where the starting level of
adoption of PHEV and BEV matter, as their importance is maintained after sustaining higher
adoption rates for plug-in electric vehicles. Similar spreads are found in France and UK. Whereas
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for Netherlands and Spain the effects are more modest, as HEV predominate the sum of electrified
powertrains market share. All results are presented at 2050 perspective.

Table 16: Comparison of the 2050 LDV fleet GHG emission rates in major European countries.
Results for HEV + AFV market penetrations sensitivity analysis.

All ratios use 2017 levels as baseline.

HEV + AFV HEV + AFV Ref HEV + AFV HEV + AFV
eference
Scenario dropped by | dropped by s . increased by | increased by
cenario
50% 25% 25% 50%
France 0,706 0,686 0,666 0,647 0,627
Germany 0,725 0,698 0,672 0,645 0,619
Netherlands 0,662 0,646 0,630 0,614 0,597
Norway* 0,852 0,823 0,780 0,747 0,709
Spain 0,643 0,631 0,619 0,606 0,594
United
. 0,782 0,757 0,732 0,708 0,683
Kingdom

* Special case as Norway’s Reference HEV + AFV adoption scenario is chosen to be 100%, as the AFV
adoption is already at an advanced stage by 2017.

It can be inferred from table 15, that there are significant differences between some countries.
Under the assumptions developed for the Fleet Model, the parc size scales according to population
growth in some European countries LDV yearly sales are going to decrease, for example Spain or
Netherlands. While other country’s markets are expected to keep growing at quite significant
rates, like UK or Norway. Thus, some countries have more advantageous conditions to reduce their
road transportation environmental impact, depending on whether their in-use fleet size is growing
or declining.
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lIl — Emphasis on Fuel Consumption Reduction - Results

The emphasis on fuel consumption shows the effects of improving the efficiency of vehicle
powertrain and vehicle technologies. It has very direct impact since appropriate improvements
are applied to all new registrations in each LDV fleet. In this sensitivity analysis, the sales
penetrations through 2050 remain as in the reference scenario. Only the fuel consumption
improvement rates change.

Total LDV Fleet Emissions Rates The United
in MMt CO2eq / year Kingdom
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Figure 32: Total LDV fleet GHG emission rates for the United Kingdom. Sensitivity analysis results
for yearly fuel consumption improvement rates variations.

In Reference Scenario, the improvement rate is set at -1%.
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The results are important, since implementing a vehicle fuel efficiency improvement strategy has

significant impact. The spread of this sensitivity analysis is similar for the six countries studied, yet

less so far for Norway. This highlights the importance of encouraging efforts to reduce fuel

consumption from new vehicles entering the in-use fleet. The potential in improving the fuel

economy does vary from one country to another, as some have made larger progress in that

particular aspect. Vehicle emissions policies in Europe and high fuel prices have already pushed to

embrace this tendency. More detailed results about each country’s emissions reduction ratios are

given in Table 17.

Table 17: Comparison of the 2050 LDV fleet GHG emission rates in major European countries.

All ratios use 2017 levels as baseline.

Results for fuel consumption improvement rates sensitivity analysis.

Reference
Scenario
Very low Low High Very High
Scenario emphasis on | emphasis in emphasisin | emphasis in
FC reduction | FCreduction Average FC reduction | FCreduction
emphasis in
FC reduction
France 0,799 0,736 0,666 0,605 0,551
Germany 0,804 0,741 0,672 0,611 0,557
Netherlands 0,750 0,693 0,630 0,573 0,523
Norway 0,816 0,765 0,709 0,658 0,614
Spain 0,745 0,685 0,619 0,560 0,509
United
. 0,883 0,881 0,732 0,663 0,602
Kingdom

As is shown in Table 17, the range between a very low and very high emphasis in FC reduction

leads to significant different results, in terms of GHG emissions. Between both situations, the

spread goes from 20% additional emissions reductions for Norway, up to 28% in the case of United
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Kingdom. Due to the fact that some countries have higher 2017 average fleet fuel consumption,
potential for improving vehicle fuel efficiency is greater, hence with the same relative
improvement rates, the absolute reduction is larger.

Emissions Rates Reduction The United
Relative to Reference Scenario
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Figure 33: Total LDV fleet GHG emissions rates percentual differences with respect Reference
Scenario in the United Kingdom for sensitivity analysis results of fuel consumption improvement
rates variations.

In the figure above, the spread relative to the reference scenario is shown, as vehicle fuel
consumption is varied, for the United Kingdom LDV fleet. With same market penetrations, very
significative differences are apparent.
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IV — AFV over HEV ratio variations — Results

In this sensitivity analysis, the objective is to keep the HEV and AFV cumulative market penetration

in 2050 at 55% of the total, and to progressively change the % ratio.

Total LDV Fleet Emissions Rates France
in MMt CO2eq / year
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Figure 34: Total LDV fleet GHG emission rates for the France. Sensitivity analysis results for

AFV . . e
—— ratio variations.
HEV

Figure 34 shows this sensitivity analysis conducted for France and how the spread in this factor
affects total GHG emissions. For the reference scenario in France, the HEV share becomes
predominance by reaching 38%. The results show that replacing part of this market share with
more BEV and PHEV registrations produces a moderate benefit. Also, as the market share of
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rechargeable vehicles grows larger than the HEV one, the consequences of giving priority to the
adoption of plug-in electric vehicles has useful positive effects. The relevancy of this remark is
underlined in the case of Norway, where BEV and PHEV are predominant over HEV. Shifting
towards regular hybrid vehicles would imply a worse environmental impact from the Norwegian
LDV in-use fleet.

Table 18: Comparison of the 2050 LDV fleet GHG emission rates in major European countries.

AFV . e .
Results for HEV ratio sensitivity analysis.

All ratios use 2017 levels as baseline.

Verv high Reference
ery hi
v g. Scenario
HEV adoption ] . Very High
S . High HEV - High AFV AFV
cenario ifi
All electrified adoption adoption _
powertrains current adoptlon
HEV 2V Ratio
HEV
France 0,708 0,688 0,666 0,635 0,608
Germany 0,734 0,703 0,672 0,641 0,622
Netherlands 0,658 0,646 0,630 0,615 0,596
Norway 0,934 0,800 0,709 0,670 0,654
Spain 0,634 0,628 0,619 0,603 0,577
United
. 0,786 0,762 0,732 0,701 0,679
Kingdom

Replacing HEV by AFV has a useful environment benefit, meeting in some cases almost 6% of
reductions with regard to the reference scenario. These effects would be more significant with
larger market penetration for electrified powertrains, resulting in greater GHG emissions
reductions.
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V - BEV over PHEV ratio variations — Results

To compare the environmental impacts of giving priority to either BEV or to PHEV powertrain
technologies is the scope of sensitivity analysis conducted in this section. In each of the six

countries, the starting ratio of % indicates which AFV is more likely to be introduced in the

market. This is taken into account while building each country’s reference scenario, as the ratio
in 2017 is kept. However, changes in this proportion will lead to different results in terms of fleet
GHG emissions. For conducting this sensitivity analysis, it seems appropriate to set as baseline the
“High AFV adoption scenario”, where the cumulative non-ICEV (PHEVs and BEVs) market
penetration in 2050 remains 55% but with a larger representation of AFV. This is necessary in order
to develop a more useful understanding of the impacts that changing this ratio entail. For sure,
the results would be amplified as the AFV market share becomes even more important, as it can
be shown in the case for Norway.
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Total LDV Fleet Emissions Rates Spain
in MMt CO2eq / year
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Figure 35: Total LDV fleet GHG emission rates for the Spain. Sensitivity analysis results for

ratio variations.
PHEV

Figure 35 shows the results of the sensitivity analysis in the case of Spain, where AFV adoption

remains still modest, with a 15% sales penetration in 2050.
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Emissions Rates Reduction .
Relative to High AFV Adoption Spain
Scenario
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Figure 36: Total LDV fleet GHG emissions rates percentual differences with respect High AFV
BEV

PHEV

ratio variations.

Adoption Scenario in Spain for sensitivity analysis results of

Taking a closer look at the spread of the sensitivity analysis it can be inferred that higher rates of
adoption of these greener powertrain technologies are needed to have a more significant impact
of changing from all PHEV to all BEV. Other countries where the AFV market share in the studied
scenario has more relevance reach spreads of almost 5%, as it can be entailed from the next table.
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Table 19: Comparison of the 2050 LDV fleet GHG emission rates in major European countries.

BEV . e .
Results for PHEV ratio sensitivity analysis.

All ratios use 2017 levels as baseline.

High AFV
adoption
scenario
Very high High High Very high
Scenario -
PHEV PHEV success BEV success BEV success
Current
BEV_ Ratio
PHEV
France 0,657 0,645 0,635 0,628 0,624
Germany 0,660 0,653 0,641 0,627 0,617
Netherlands 0,623 0,615 0,611 0,609 0,608
Norway 0,753 0,709 0,670 0,635 0,612
Spain 0,611 0,608 0,603 0,598 0,595
United
. 0,715 0,710 0,701 0,687 0,670
Kingdom

Countries where PHEV have had more success obtain more potential benefits from changing
towards more extensive BEV adoption. The opposite is observed, as countries with high market
penetration rates encounter a larger negative effect while adopting more PHEV.
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VI - Segment size adoption market shares — Results

The vehicle segment sales sensitivity analysis is based on the adoption trends. Applying the
normalized curves to each of the studied LDV fleets, different success trends can be extrapolated.
As each of the countries sustain the rates of adoption of larger vehicles, this leads to different
impacts depending on the case and scenario.

Total LDV Fleet Emissions Rates Norway
in MMt CO2eq / year
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Figure 37: Total LDV fleet GHG emission rates for Norway. Sensitivity analysis results for different
trends in vehicle segment size adoption.
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For Norway, where in the “High SUV Success Trend” scenario SUV follow the trend and reach
almost 64% segment market share by 2050. This is a large progression, corresponding to a
significant shift of consumers behavioral preferences. Germany and the United Kingdom have a
similar situation. Since increasing SUV adoption is well embraced. Nonetheless, countries like
France, Netherlands or Spain experience less impact as SUV are less popular. In these later cases,
the sensitivity analysis changes the total LDV fleet GHG emissions by 1%, and smaller still for Spain
and Netherlands. Whereas in Norway potential benefits reach almost a 10% reduction while
adopting smaller vehicle segment for their new passenger cars registrations.

Table 20: Comparison of the 2050 LDV fleet GHG emission rates in major European countries.
Results for vehicle segment size adoption sensitivity analysis.

All ratios use 2017 levels as baseline.

Scenario High SUV success Constant 2017 SUV inverted trend
trend shares

France 0,666 0,656 0,653
Germany 0,672 0,650 0,644
Netherlands 0,630 0,625 0,624
Norway 0,709 0,655 0,616
Spain 0,619 0,614 0,613
United Kingdom 0,732 0,710 0,703

Table 20 gathers all the six countries’ GHG emissions rate, 2050 relative to 2017, spreads regarding
the Car and SUV segment sensitivity analysis for the major European countries studied.
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VIl — Electricity grid improvement — Results

The last sensitivity analysis performed in this research evaluates the effects of recharging the plug-
in electric vehicles greener electricity generation grids. As electrified vehicles become more
important, the effects of transforming a greener electricity grid would be expected to reduce GHG
emissions from the LDV fleets. These calculations were made for the high AFV adoption case, by
changing the evolution trends of the electricity generation grid. This is applied to each country,
starting with the current grid and extrapolating, to continue the progress achieved so far.

Total LDV Fleet Emissions Rates

in MMt CO2eq / year The Netherlands
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Figure 38: Total LDV fleet GHG emission rates for the Netherlands. Sensitivity analysis results for
different electricity grid improvement trends.
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The Netherlands is a country where the benefits of recharging EV with greener energy might be
expected to have a considerable impact. Plug-in electric vehicle adoption has spread remarkably,
and the electricity grid still includes significant fossil fuel energy sources.

Other countries obtain little benefit from expanding the presence of renewable energies in the
electricity production process, as some countries already have green generating grids or still do
not reach high enough number of rechargeable vehicles in their in-use fleet for the charging grid
impact to yet be meaningful. For instance, France or Norway which represent the countries with
the cleanest grids among those studied, the effect of improving the grid’s carbon intensities is very
modest.

Emissions Rates Reduction
Relative to Actual Grid Extrapolated Trend The Netherlands
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Figure 39: Total LDV fleet GHG emissions rates percentual differences with respect Actual Grid
Extrapolated Trend in the Netherlands for sensitivity analysis results of electricity grid
improvements.
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The GHG emissions spread for the Dutch LDV fleet, of having a less green or zero emissions grid,
results an 8% reduction in 2050. A similar situation occurs in Germany, where the grid is still “dirty”
and nuclear energy will disappear in the next decade approximately. However, France and Norway
barely reach 1% benefits, followed by Spain which is closer to the 2%. For the United Kingdom the
range is some way in between having 4% reductions in total LDV GHG emissions.

Table 21: Comparison of the 2050 LDV fleet GHG emission rates in major European countries.
Results for electricity grid improvements sensitivity analysis.

All ratios use 2017 levels as baseline

No Grid Current Grid
. Zero Emissions
Scenario improvement extrapolation
. Energy Sources
scenario High AFV adoptions
France 0,644 0,635 0,633
Germany 0,714 0,641 0,633
Netherlands 0,653 0,611 0,575
Norway 0,677 0,670 0,665
Spain 0,619 0,603 0,600
United Kingdom 0,736 0,701 0,697

In major European countries where electricity grids are relatively clean, and future trends will
continue the previous efforts to reduce emissions, it is clear that the sensitivity analysis highlights
that the efforts should aim first and foremost in getting more electrified powertrain vehicles on
the road.

The additional reductions in the transportation sector’s emissions achieved through continuing to
clean up the electricity generating grid are relatively modest. However, the total amount of
electricity used in these countries is much larger than the amount of electricity used for recharging
the PHEV and BEV on the road, which for sure will have a substantial environmental impact for
other sectors contributing to global warming. The impact of continuing to clean up the grid on any
countries overall GHG emissions is much more significant and important than the relative portion
accounted to road transportation sector. Going further, in future situations where plug-in electric
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vehicles could experience wider shares of the in-use vehicles, the effect of having a greener
electricity generating grid would be amplified.
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Chapter 7 — Findings and conclusions

European Light-Duty Vehicle fleets continue to be dominated by combustion engine vehicles.
Among all powertrain technologies available, Alternative Fuel Vehicles are still in their early stages
of deployment. This thesis describes the fundamental challenges that electrified vehicles need to
overcome to achieve successful adoption. The six European countries studied are chosen as being
most representatives for different stages and strategies for introducing new powertrain
technologies into the in-use fleet. The incentives are adopted attempting to reduce the gap
between conventional vehicles and promising plug-in electric vehicles. Although meaningful
advances have been made in recent years from the technology and infrastructure perspective,
additional progress is needed to assure similar overall convenience to traditional personal means
of transport. Consumer perception remains a key area where efforts must be intensified to achieve
faster adoption of newer powertrains adoption. The ultimate goal of replacing fossil fuel vehicles
by electrified powertrains is to mitigate the environmental impact of the road transportation
sector and limit current energy dependence on petroleum. Using Life-Cycle Assessment
information it is possible to obtain robust estimates of total GHG emissions for each powertrain
technology over its full useful life. In this thesis, emissions resulting from the vehicle
manufacturing process, and the fuel - or energy - supply and production are considered. This
provides a more complete evaluation for each existing alternative when comparing their real
environmental consequences.

Limiting the greenhouse gas emissions is crucial to reduce harmful global warming effects and to
control the excessive rise of ambient temperatures. In that sense, this research develops a set of
strategies which cover the range of possibilities for reducing Light-Duty Vehicles’ carbon footprint.
The actions are divided between improving the fuel-efficiency of actual technologies, adopting
behavioral changes whose cumulative effect provides a substantial benefit or transforming actual
means of transport towards greener technologies. Acknowledging all possible paths leading to a
less emitting Light-Duty fleets is the first step in estimating their cumulative potential impact.

Based on an assessment of all actions likely to lower GHG emissions, a range of foreseeable
scenarios are envisaged to analyze the effects of implementing different strategies. By using a
simulation tool to run in-use vehicle fleet calculations, this thesis estimates likely future scenarios
impacts. This is utilized to quantify the environmental consequences of accomplishing a set of
actions. However, projecting situations always entails some uncertainty, all calculations are
dependent on assumptions. Nevertheless, our hypotheses are thoughtfully established and by
comparing consequences, the uncertainty is less significant since all calculations are done
following a similar praxis.
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The Fleet Model is the simulation tool utilized and adapted in this thesis to explore several
prospective situations. The development of this methodology allows us to ground and integrate
all the information and data required to estimate Light-Duty Vehicle total fleet greenhouse gas
emissions. Incorporating the vehicle sales profiles for each of the studied countries,
complemented by vehicle segment and powertrain technology shares, as well as accounting for
their performance characteristics, allows us to apply a common modeling for each approach of
the calculations. This allows to use data-based starting situations in each case, from which future
development can be extrapolated. Including the electricity generation mix in each country defines
their respective electricity supply profile. Assigning the carbon intensities to each source of energy
allows us to estimate the grid’s influence on road transportation greenhouse gas emissions while
recharging plug-in electric vehicles. The richness of detail incorporates the differences between
each of the major European countries analyzed in this thesis.

Multiple scenarios explore the consequences of using different values of key parameters through
comparing the results from different sets of scenarios. Shifting from a plausible, well-founded, yet
uncertain reference scenario we are able to estimate the effects in terms of greenhouse gas
emissions, due to variations in influencing factors would have. Across a given range, sensitivity
analyses are performed to assess the changes in environmental impacts resulting from different
strategies. Throughout this thesis work, sensitivity analyses cover changes in consumer
preferences in buying a particular vehicle segment, the powertrain technology market
penetrations reached over future time horizons or the vehicle’s performance evolution. Different
energy generation mix possibilities are also considered for each country analyzed.

The results show the evolution year by year of total Light-Duty Vehicle fleet GHG emissions out to
2050. The spread between different scenarios within each sensitivity analysis reflects how
significant the parameter studied is. Some results display a wider spread implying a bigger impact
when modifying the analyzed actions among the boundaries assumed. Other simulations show
more modest reductions, highlighting the relative importance of strategies analyzed when aiming
to decrease total Light-Duty Vehicles greenhouse gas emissions. The calculations analyze also the
effectiveness of a given strategy specifically for each of the six European countries studied. The
interest of this thesis lies in characterizing the various stages of AFV adoption encountered over
different LDV in-use fleets and give rigorous assessment in each case of the potential benefits of
attaining a set of reasonable situation.

Key findings from the research:

1) A population weighted average of every country’s reference scenario carried out
in this thesis, the LDV in-use fleet benefits from adopting electrified powertrains
represents about one third reduction in total GHG emissions, rate in 2050 from the
2017 value.
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2)  Forthe major European countries studied, transforming the current in-use car parc
so it has a significantly greater presence of EVs is seen to be a promising strategy
to mitigate the climate change contributions from the transportation sector. On
average, an additional 10% GHG emissions reduction in 2050 can be achieved
through increasing by a factor of 3 the AFV penetration rates, during the 2017-
2050 period.

3) Based on extrapolating current rates of adoption suggest that this needs to be
considered as a longer-term strategy, as the number of plug-in electric vehicles in-
use needs to be much higher than it is currently. Almost a ten-year lag is observed
between the market penetration rates and their actual share in the in-use
composition. This delay needs to be incorporated into our strategic thinking in
order to understand the real effects of AFV adoption.

4) Improvements in ICEV and HEV fuel consumption remain an important strategy to
mitigate negative environmental consequences from LDV fleets. They have very
significant direct effects that can be implemented near term to each vehicle
segment and powertrain technology. Allocating resources now towards developing
more fuel-efficient mainstream vehicles proves to have a significant reducing
impact in total GHG emissions. By implementing aggressive yet realistic trends for
fuel consumption reduction, it allows lowering an average additional one-quarter
the total GHG emissions rate from the in-use vehicle fleets by 2050.

5) The progressive market adoption of vehicles with greater size and larger weights
has negative environmental consequences, the overall potential for reducing GHG
emissions. Consumer preferences regarding vehicle segmentation, and its
adoption, differ from one country to another. However, for those LDV markets
experiencing a significant increase in the numbers of larger vehicles purchased i-e-
, with substantial SUV market penetration rates, would potentially obtain an 8%
GHG emissions benefit from reversing the trend.

6) Regarding LDV fleet emissions from plug-in electric vehicles, the electricity grid is
responsible for supplying the necessary energy to recharge these vehicles.
Therefore, the impact of having a grid less dependent on fossil fuel energy sources
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has a significant effect on the total fleet GHG emissions outcome. For European
countries like France, Norway or even Spain and the United Kingdom which already
have greener electricity generation grids, the result of further greening the
electricity supply sources is less significant, having only about on-average a 2%
benefit in the scenarios simulated. In the case of Germany and Netherlands, which
are more dependent on coal and natural gas as electrical energy sources, the
results have a greater impact, potentially reducing total GHG emissions by 8% in
2050. Nevertheless, this effect will be enhanced as the in-use number of EVs grows
to a significant share of the LDV fleet.

7)  Major European countries have already reversed the trend where, year by year
total GHG emissions associated with the road transportation sector progressively
increased. Larger emissions reductions over the next couple of decades will be
needed to attain our desired environmental goals. Reinforcing policies are
suggested to encourage consumers to embrace the change towards more
environmentally respectful habits. Currently, incentives are primarily targeted to
promote BEV purchase and use. However, this thesis shows that other powertrain
technologies such as HEV and PHEV have significant potential for comparable
positive impacts in terms of GHG emissions.

8) Considering the rates of adoption assumed in scenario calculations, PHEVs GHG
impact is closely comparable to that of an equivalent BEV. In this early stage of
introducing electrified powertrains, both types of EVs provide considerable
benefits with regard to conventional internal combustion engines, from the
emissions point of view. This thesis results show that shifting from all PHEV to all
BEV market penetrations by 2050 will imply a modest 3% total emissions reduction
in average for most of major European countries. Note that Norway, a particular
case where AFV are predicted to reach higher penetration into their in-use fleet by
2050, the GHG emissions impact is likely to be more significant, reaching almost a
15% LDV fleet emissions decrease.

9) Separately, the impact of each parameter analyzed might seem more modest than
expected. However, they all represent benefits from the total transportations LDV
fleet’s GHG emissions and often are additive; it is their cumulative effect which
offers broader reductions and must be targeted. All efforts should point in the
same direction to more effectively reduce the negative environmental
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consequences of the road transportation sector, and to guarantee more BEVs as
sustainable personal means of transportation.
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Appendix A: New LDV registrations profiles
used for major European countries in Fleet

Model calculations

Table A - 1: Sales profile from 1980 to 2017, used as new registrations input for Fleet Model in total
French LDV GHG emissions calculations

Sources: 1980 1981| 1982 1983 1984| 1985 1986 1987 1988 1989 1990 1991| 1992 1993 1994 1995 1996| 1997 1998
CAR sales 1691837 1613956 | 1842046 1812784 | 1505968 | 1483952 1593617 1710026 1680976 1582851 | 1530099 | 1237501 1270348 926809 | 1020370 1017327 1276867 979037 1137837
Gasoline |SUV sales ACEA, SDES 5090| 6156 8513 9842| 9395| 10461| 12528| 14834 15951| 16311| 17018| 13764| 14129| 11257| 13440| 15493| 19444| 17946| 24407
OLT sales 136704| 134714| 132351| 129613| 126502| 123016| 119157| 114923| 109925| 106956| 99979| 87518| s81826| 61384| 49457| 37841| 29916| 24863 22919
CARsales | acen European | 184290| 436488| 206751 198542| 246012| 266618| 316363| 362676| 511366 671894 753631| 771429| 812189|773758| 926901| 884219| 823243|703158| 764901

Diesel |SUVsales | Market Stadistics 555 1665 955 1078| 1535 1879|  2487| 3146| 4853 6924| 8382 8580| 9034| 9398| 12208| 13465| 12537| 12889| 16408
OLTsales | RePOTt2018-2019 | 15 650 175082 | 187679| 199751 212196| 225016| 238209| 251777| 264775 2843a4| 204721 256282| 238674 192516| 236943 274959| 301484] 286757 323068
cARsales | spEs, European 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

HEV  [SUVsales | Market Stadistics 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales | Report2018-2019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

CAR sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

PHEV |SUVsales| SDES, Eurostat 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
cARsales | spEs, European 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

BEV [Suvsales| Market Stadistics 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales | Report2018-2019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

CAR sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

FCEV  |SUV sales EAFO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sources: 1999 2000 2001| 2002 2003| 2004 2005 2006| 2007 2008| 2009 2010 2011| 2012 2013 2014 2015 2016] 2017

CAR sales 1166141] 1050191 946433 754604 621853 584424 596012 529689 493399 436197 645912 621365| 557493 445990 s00648| 556284| 690698 817415| 932301
Gasoline |SUV sales ACEA, SDES 34828| 38090| 40463| 35640 33418 34670 40074| 36642| 38282| 21177 25026 27173 34388] 34706| 34690| 39182| s1629| 67276| 73838
OLT sales 22453| 21933 25399| 18528 15991| 14900 10846| 11820 9378| sses| 7452 4154 4267| 7625] 7300] 7407| 11332] 6535 10936
cARsales | acen European |_919978| 1009007 | 1215855 | 1293724 | 1284784 | 1315451 1338825 | 1335413 | 1415847 1511098 | 1561094 | 1526522 | 1503350| 1€+06 | 1121871 1071222 | 1020820 970540 | 924871

Diesel |SUVsales | Market Stadistics 27476| 36596| s51981| 61103 69046 78035 o0017| 92378| 109850| 73360 604ss| e6759| 92733| 99966| 77735 75451| 76304| 79878| 73245
OLT sales | RePOt2018-2019 | 551954 | 391992| 407458| 385493 364853| 392615| 408122| 427372| 451135 450371| 365138| 411294| 422384 373613| 357691| 362954| 366409] 396290 419918
cARsales | spEs European 0 0 0 0 30 632| 2675| 5998 44| 8055| 9501 9258| 12843| 25818 42914 38537| s1089| 47004| 68672

HEV  [sUVsales | Market Stadistics 0 0 0 0 2 37 180 415 515 391 368 405 792| 2009 2973| 2714|3819 3869 5438
OLT sales | Report2018-2019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o| 409 437

CAR sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 788|  1800| 5200| 6864 6884

PHEV |SUVsales| ~SDES, Eurostat 0 0 0 0 0 0 0 0 0 0 0 0 0 0 55 127 389| 565 545
OLT sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0| 2656] 3062
cARsales | spEs, European 0 0 0 0 107 434 6 13 6 4 12 179 2477 5252 8212  9872| 16068| 20103 23082

BEV [SUVsales | Market Stadistics 0 0 0 0 6 26 0 1 0 0 0 3 153 409 569 695| 1201| 1655| 1828
OLT sales | Report2018-2019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o| 2656 3062

CAR sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 10 9 48

FCEV |SUV sales EAFO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table A - 2: Sales profile from 1980 to 2017, used as new registrations input for Fleet Model in total

German LDV GHG emissions calculation

Sources: 1980| 1981| 1982| 1983| 1984| 1985| 1986| 1987| 1988 1989| 1990| 1991 1992| 1993] 190a| = 1995| 1996] 1997 1998
cARsales | ACEAKBA, | 2372086 2675662 | 2623478 2571900 2520924 | 2200735 | 2296895 | 2390388 | 2481230| 2569434 2655017| 3568916 | 3240848 | 3E+06| 2596198| 2734346 | 2879744 2909403 2967629
Gasoline | sUV sales i‘:;zz‘:i"s'r:pri: 26604 35742| 40689| 4saa7| so016| asaso| sseoa| 63123| 70998| 79219 87769 9903a| 107136| 98202 s0295| 99173 92128| 93077| 110825
OlTsales | 2018-2019 79655| 74244| 69017 63975| 59118 s4446| 51904 49139 46373 a3608| 4a1511| 4a7683| 53813 57104| 47572| 39424| 33103| 31471 28859

CAR sales ACEA, KBA, 27192 54605| 77426| 99741| 121554| 127264| 155306| 185461 217715| 252053| 288461| 477474| 562964 449565| 516749| 463719 508190| 509402| 633862

Diesel |suv sales i:;:z‘:fcns'r:;zi 305 720| 1201|1762 2412|2802 3760| 4so7| 6230| 7771| 9s36| 13250| 18610| 16789| 15982| 16819| 16258 16297| 23671
OLTsales | 20182019 87715| 88319| 88739 88974| 89024 ssses| 92019 94784| 97550| 100315| 104766| 119632| 134540| 152287| 182857| 212023| 226723| 236714] 247685
carsales | venicle Market 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

HEV |suvsales | Statistics Report 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLTsales | 2001-2017 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
caRsales | venicle Market 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

PHEV |suvsales | Statistics Report 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales 2001-2017 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
cARsales | yenicle Market 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

BEV [suvsales| Statistics Report 0 0 0 0 o o 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales 2001-2017 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

CAR sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

FCEV  [SUV sales EAFO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sources: 1999|  2000] 2001] 2002] 2003| 200a] 2005| 2006| 2007| 2008] 2009| 2010] 2011] 2012| 2013| 2014] 2015| 2016] 2017

cARsales | ACEAKBA, | 2850667 2236970| 2068124 | 1894913 ] 1806569 | 1685541 | 1768103 1752547 1466282 | 1534828 | 2426334] 1500180 | 1451838| 16406 | 1289850] 1307041 | 1355517 1437938 1606150
Gasoline | sUV sales i;';zz‘:la;'r:;zi 120822| 117735| 120367 126112| 137860| 140614 153748| 174599| 172022| 185638 205550| 183524| 213496] 236576| 231201| 245633| 278618| 319989] 396154
OLTsales | 20182019 28021| 26875| 26794 21932| 19567| 16996 13566| 13807 12540| 12234 10384| 6268 6421 6433| 6383] 6794 6873| s264| 10120
CARsales |  ACEAKBA, 814213| 972456| 1089800 | 1155004 | 1200870 | 1326723 | 1282562 1394910 1345689 1216223 | 1076466 | 1087685 | 1302044 | 16406 | 1187737] 1220660 | 1268634 | 1256021 1066981

Diesel |suV sales i‘:arzl‘:f;r:;ﬁ 37474| s1182| 63427| 76869| 91639| 110680| 111527| 138969| 157874| 147103 91194| 133061| 191468|222607| 212896 229399| 260743 279504 263167
OLTsales | 2018-2019 256882 | 266388 249146| 236685| 221727| 206975| 193081 193406| 195239 196111| 162684| 150443| 154114]154400| 153204 163055| 173625| 196269| 157000
cARsales | yenicle Market 0 0 0 0 o| 3015| 30s4] 6308| se35| ss13|  7020| 10394| 11067 18337] 20029| 17894| 15957| 27415 44308

HEV |suvsales | Statistics Report 0 0 0 0 0 252 266 628 661 667 sos|  1271|  1627| 3241| 3500 3363] 3280] 6101| 10928
OLT sales 2001-2017 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 181 207 169
cARsales | yenicle Market 0 0 0 0 0 0 0 0 0 0 0 0 232| 1047 1404| 3705|9217 109047| 23362

PHEV |suvsales | Statistics Report 0 0 0 0 0 0 0 0 0 0 0 0 32| 185 252 696| 180a| 2436| 5762
OLT sales 2001-2017 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 90 930 760
carsales | venicle Market 0 0 0 0 0 0 0 0 0 61 15 128| 1594 2171] 4633|7053 10035| 9196| 19603

BEV |suvsales | Statistics Report 0 0 0 0 0 0 0 0 0 7 1 16 234 384 831| 1325|2062 2047|4835
OLTsales | 2001-2017 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 90 930 760

CAR sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 3 86 13 11

FCEV  [SUV sales EAFO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table A - 3: Sales profile from 1980 to 2017, used as new registrations input for Fleet Model in total
Dutch LDV GHG emissions calculation

Sources: 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992| 1993 1994 1995 1996 1997 1998
CAR sales 462859| 461650| 460405| 459125| 457808| 456455| 455065| 453640| 452178| 450680| 444706| 435025| 432727[346702| 379632| 382592| 396576| 392141| 425829
Gasoline | SUV sales ACEA 2482 2553 2624 2694 2764 2832 2901 2968 3035 3101 3135 1747 2175| 2092 2292 3086 3198 4361 6924
OLT sales 34229 32809 31378 29934 28478| 27011| 25531| 24040| 22537| 21021| 19494 19668 19801| 18776| 13226 9052 6570 5731 5439
CAR sales 17119 20743| 24402 28096| 31826| 35591| 39392 43227 47098| 51005| 54403 53767| 56783| 42851| 51768| 61766 71637| 80883| 108461
Diesel |SUV sales ACEA 92 115 139 165 192 221 251 283 316 351 383 216 285 259 312 498 578 900 1764
OLT sales 42167 43882| 45609| 47347 49098| 50860 52635 54421| 56219 58029| 59852| 59973 60135| 61454 67300 71768| 74546 75679| 90471
CAR sales | European Vehicle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
HEV  [SUV sal Market Stafistics 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
525 | Report 2018-2019,
OLT sales OFV 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CARsales | European Vehicle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
PHEV |SUV sal Market Statistics 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 1 Report 2018-2019,
OLT sales OFV 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CAR sales | European Vehicle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BEV  [sUVsal Market Statistics 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
T ] Report 2018-2019,
OLT sales OFV 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CAR sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
FCEV |SUV sales EAFO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sources: 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
CAR sales 460738| 451580| 395316 386725| 363057| 347043 319597| 329804| 335601| 343507| 280677| 358988| 372037 322843| 248159| 237962 244238| 261175| 300663
Gasoline | SUV sales ACEA 11330| 11579| 13068| 13819| 15403| 16734| 18243| 20009| 23331| 19034| 12397 11141| 10717| 11467| 18679 14732 16913| 15184 14690
OLT sales 4971 4144 4090 2899 2464 2302 1040 1085 838 732 513 992 1760| 1684 1507 2061 1721 1822 2413
CAR sales 136073| 131104| 117435| 106358| 105888| 113527| 117797| 123289| 133768| 118797| 74489| 93468| 152791|136892| 96218| 98909| 121439| 68497 69255
Diesel |SUV sales ACEA 3346 3362 3882 3800 4493 5474 6724 7480 9299 6582 3290 2901 4401 4862 7242 6123 8409 3982 3384
OLT sales 93680 91502| 79263| 77356| 74012| 83824| 64188| 62828| 79992| 83922 50762 48615 56907| 54464| 48715| 49462 55655 67959| 70191
CARsales | European Vehicle 0 0 513 0 0 923 2640 3194 3309| 11368 15573| 15445 14583| 21837 22088 13504| 13855| 10483| 16600
Market Statistics
HEV
SUVsales | ¢ ort 2018.2019, 0 0 17 0 0 45 151 194 230 630 688 479 420 776 1663 836 959 609 811
OLT sales OFV 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CAR sales | European Vehicle 0 0 0 0 0 0 0 0 0 0 29 109 670| 2858| 16307| 11314 36947| 17713 1581
PHEV |SUV sal Market Statistics 0 0 0 0 0 0 0 0 0 0 1 3 19 102 1227 700 2558 1030 77
T | Report 2018-2019,
OLT sales OFV 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 233 93
CAR sales | European Vehicle 0 0 0 0 0 0 0 0 0 0 8 32 195 830 4734 3285 3359 3615 7114
BEV ; Market Statistics
SUVssales | gonort 2018-2019, 0 0 0 0 0 0 0 0 0 0 0 1 6 29 356 203 233 210 348
OLT sales OFV 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 47 419
CAR sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 14 14 15
FCEV |SUV sales EAFO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table A - 4: Sales profile from 1980 to 2017, used as new registrations input for Fleet Model in total
Norwegian LDV GHG emissions calculation

Sources: 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998
CAR sales 42305| 43893| 45481| 46725| 48061 50072| 52711| 54724| s56647| 58441 59930| 50375 52264 50755| 75356 83456| 111587| 112628| 100716
Gasoline | SUV sales ACEA 32 66 68 35 36 38 79 41 85 176 362 406 688| 1248 1459 1616 4408 7189 9356
OLT sales 4189 4363 4536 4710 4884 5057 5231 5405 5578 5752 5926 6128 6321 6162 4581 3359 2628 2407 1989
CAR sales 494 778 1094 1791 2360 2255 1481 1414 1353 1373 1600 3444 6328| 8608 8095 5327 8658 7445 7233
Diesel [SUV sales ACEA 0 1 2 1 2 2 2 1 2 4 10 28 83 212 157 103 342 475 672
OLT sales 11950| 12445| 12941| 13436 13931| 14427| 14922 15417| 15913| 16408| 16903| 17370| 17846 18674| 20924| 22815| 24215 25105| 24871
CARsales | European Vehicle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
HEV  |sUVsales | Market Statistics 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales | Report2018-2019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CAR sales | European Vehicle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

PHEV ¥ sal Market Statistics o o o o o o o o
SUVsales | pooort 2018-2019, 0 0 0 0 0 0 0 0 0 0 0
OLT sales EAFO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CAR sales | European Vehicle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

BEV ; Market Statistics
SUV sales | ponort 2018-2019, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales EAFO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CAR sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
FCEV  |SUV sales EAFO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sources: 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
CAR sales 84792| 78776| 70934| 63153 57282| 66103 51985 39429| 23611| 20484 17171| 19471| 18784| 26357| 33371 29845| 29143 28233 24617
Gasoline | SUV sales ACEA 8182 9836 8803| 10068| 11732 17045| 14070| 14956 6621 6529 5952 6490 5684| 10255| 15997| 14324 15591| 16420 15977
OLT sales 1713 1701 2013 1184 1216 1389 1193 1494 1303 938 663 623 733 750 617 1185 1329 1368 681
CAR sales 7574 7791] 10834| 13368| 17353| 25835 33907| 38567| 75071| 60738| 53286| 71785 80357| 63735 50488| 47423| 40062 30120| 22222
Diesel [SUV sales ACEA 731 973 1345 2131 3554 6662 9177| 14629| 21051| 19360| 18470| 23928| 24315| 24798| 24198| 22760| 21420 17502| 14391
OLT sales 23526| 26225| 28221| 20810 23096| 29725| 33854 41117| 44306| 33932 22841| 28417| 34780 31098 30237| 28428| 31906 34562| 34413
CARsales | gyropean Vehicle 0 0 0 0 0 0 605 1148 2220 2474 2711 4264 5523| 5910 6438 6723 6971| 11049| 12229
HEV  [sUvsales | Market Statistics 0 0 0 0 0 0 164 435 622 789 940 1421 1671 2299 3086 3227 3727 6421 7919
OLT sales | Report2018-2019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CAR sales | European Vehicle 0 0 0 0 0 0 0 0 0 0 0 0 1 245 219 1169 5204| 13494| 18970
PHEV  [SUV sal Market Stafistics 0 0 0 0 0 0 0 0 0 0 0 0 0 95 105 561 2782 7841| 12285
53 1 Report 2018-2019,
OLT sales EAFO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 72
CARsales | European Vehicle 0 0 0 0 0 0 0 0 0 184 108 296 1543| 3076 5573| 12277| 16790| 14863| 18199
BEV  [SUVsal Market Statistics 0 0 0 0 0 0 0 0 0 59 37 99 467| 1197 2671 5892 8977 8637| 11786
2 1 Report 2018-2019,

OLT sales EAFO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 72 681
CAR sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 17 23 55
FCEV  |SUV sales EAFO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table A - 5: Sales profile from 1980 to 2017, used as new registrations input for Fleet Model in total

Spanish LDV GHG emissions calculation

Sources: 1980 1981] 1982 1983| 1984 1985| 1986| 1987| 1988| 1989 1990 1991| 1992| 1993] 1994 1995 1996 1997| 1998
CAR sales 540132| 460291 471197| 447277| 398271| 449356| 592705| 809286| 941273| 1011982| 867671| 798197| 843933 607537| 693545| 584778| 598431| 622366| 660147
Gasoline | SUV sales ACEA, DGT 541 922 944 448 399 450| 1188 810| 1886 4064| 6997| 1600 84s| 608 694 1172 599| 1247 2651
OLT sales 42669| 35628| 38546| 41133) 36107| 42889| 49569| 60261| 66359| 68910| 61656] 57090 58624| 39140 30338 22591| 19310| 20711 20048

CAR sales 33443 44414] 63464| 102609 123436 125121| 94968| 118050| 125809| 132794| 131287| 114035| 163513|167149| 244487| 283978| 368964 466642| 617691

Diesel |SUV sales ACEA, DGT 33 89 127 103 124 125 190 118 252 533| 1059 229 164 167 245 569 369 935| 2481
OLT sales 49839| 4so72| s52852| 61191| 58355| 75432| 95059| 126318| 152483| 174180| 172133] 158375| 162018|115964| 134336| 146956| 168223| 202880| 232853
CARsales | gyropean Vehicle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

HEV  [sUVsales | Market Statistics 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales | Report2018-2019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
cARsales | gyropean Vehicle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

PHEV |sUVsales | Market Statistics 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales | Report2018-2019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
cARsales | gyropean Vehicle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

BEV [sUvsales | Market Statistics 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales | Report2018-2019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

CAR sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

FCEV  |SUV sales EAFO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sources: 1999|  2000] 2001| 2002| 2003| 2004 2005| 2006] 2007| 2008] 2009 2010 2011] 2012] 2013] 2014] 2015 2016 2017

CAR sales 732836| 679921 715457| 601498| 588351| 573713| 536305| 510899| 441387| 340255| 270735| 269916| 221212|197251| 216424 267259| 349090| 446297| 545224
Gasoline | SUV sales ACEA, DGT 2943  2046| 3523| 1689| 4625| 4627 4s71| e153| s51232| 31730| 23287| 22676 17910| 17082| 14158| 17635| 26809 40172| s0264
OLT sales 21823| 19024| 19331| 15120 15959| 16253| 14650| 15271| 12786] 6687| 4407 3741| 3337| 2733 2340] 2339] 4118|3934 5643

CAR sales 763685 | 782837| 776048 802984| 892534| 1066854 [ 1123650 1128325| 1019576 740812| 619053| 646043| 525776 447135| 469714 s555242| 646674| 648370| 621301

Diesel |SUV sales ACEA, DGT 3067| 2356 3821] 2255| 7016| 8604 10205| 13589| 118344| 69084 53246| 54275 42569| 38723| 30727| 36637| 49662| 58361 57277
OLT sales 276704| 268334| 249858 240394| 272329| 308761| 356421| 361872| 362895| 199955| 126451| 135137| 124301| 91375| 89382 116597| 148932| 156509| 170491
cARsales | gyropean Vehicle 0 0 0 0 0 ol 1662| 1641 2928 3253 4471| eass| 9077| o156| 9754 11690 18290 30470| 55203

HEV  [suvsales | Market tatistics 0 0 0 0 0 0 15 20 340 303 385 543 735|793 638 771| 1405 2743 5097
OLTsales | Report2018-2019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
cARsales | gyropean Vehicle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o] 1016] 1129 3230

PHEV |sUVsales | Market Statistics 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 78 102 298
OLT sales | Report2018-2019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 403 443
CARsales | gyropean Vehicle 0 0 0 0 0 0 0 0 0 0 0 92 378]  a4ss 836 835| 1016 2257 3686

BEV [suvsales| Market statistics 0 0 0 0 0 0 0 0 0 0 0 8 31 40 55 55 78 203 340
OLT sales | Report2018-2019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 403 443

CAR sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

FCEV |SUV sales EAFO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table A - 6: Sales profile from 1980 to 2017, used as new registrations input for Fleet Model in total
British LDV GHG emissions calculation

Sources: 1980 1981] 1982 1983| 1984 1985| 1986| 1987| 1988| 1989 1990 1991| 1992| 1993] 1994 1995 1996 1997| 1998
CAR sales 2055805 | 2396908 | 2733958 | 2616368 | 2369934 | 2226791 | 2180466 2092257 | 2145485 | 1947277 1837114 1414541 1348385 16+06| 1434914 | 1482544 1593329 1742925 1808373
Gasoline | SUV sales ACEA, DFT 3432  6s69| 10428| 12796| 14146| 15698| 22470 28417| 36216| 39335| 43248| 39253 46015| s4740| 61346| 69858| 71591| 78313 95177
OLT sales 95872| 107348| 117328| 107329| 92679 82765 76931| 69806| 67399| 57311| s50364| 40126| 40281| 42470 32026| 22234| 16739] 1s5445| 13013

CAR sales 37683 55423| 76443| 85933| 89524 95202| 104180| 110583| 124389| 122973| 125615 134792| 192626|325061| 397671| 375281 345027| 334459| 326660

Diesel |SUV sales ACEA, DFT 63 152 292 420 534 671| 1074 1502 2100| 2484| 2957| 3740 6574| 12840 17002| 17683| 15503 15028 17193
OLT sales 118106 143576| 170542| 169765| 159784| 155844| 158599 158027| 168131| 158207| 154630| 122356| 122331]139002| 162967| 176273| 189940| 203950 216440
CARsales | gyropean Vehicle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

HEV  [sUVsales | Market Statistics 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales | Report2018-2019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
cARsales | gyropean Vehicle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

PHEV |sUVsales | Market Statistics 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales | Report2018-2019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
cARsales | gyropean Vehicle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

BEV [sUvsales | Market Statistics 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales | Report2018-2019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

CAR sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

FCEV  |SUV sales EAFO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sources: 1999|  2000] 2001| 2002| 2003| 2004 2005| 2006] 2007| 2008] 2009 2010 2011] 2012] 2013] 2014] 2015 2016 2017

CAR sales 1793944 1803452 1889966 | 1827579 | 1731620 1583260 1400227| 1315722] 1299356 | 1094152 | 1061808| 981950 846256| 881517| 981413] 1045310 1123630 1124923 | 1136746
Gasoline | SUV sales ACEA, DFT 100401 104963| 131388| 133343| 142834| 147079| 136795| 122383| 123816| 94110 86713 89931| 89040| 98055| 122415| 138910| 162118| 190921 219447
OLT sales 11304| 10070| 12204| 9377| 9537 8632 s063| sa75| 3453|2484 1853 0 0 0 0 0 0 0 0

CAR sales 287197| 296026 408983 561725| 650906| 763442| 817910| 821012| 880138 855064| 769659| 857857| 888059 934692| 1002762| 1094723] 1113362| 1098862| 894766

Diesel |SUV sales ACEA, DFT 16073| 17229| 28432| 40984| 53690 70921| 79906| 76367| 83869] 73546| 62855 78566| 93438|103970| 125077 145475| 160633| 186493| 172723
OLT sales 213001| 222353| 236482 250197| 286516| 314269| 312456| 316863| 329555| 284674| 183464| 221880| 259532 238767| 270238| 320909| 371123| 373764| 359416
cARsales | gyropean Vehicle 0 0 0 0 o| 2349| a44s| sss1| 1s3ea| 13741| 12011| 20465| 21077| 22079| 26177 32789| 39125| 43740| 57498

HEV  [suvsales | Market tatistics 0 0 0 0 0 218 434 798| 1464| 1182| 10s4| 1874|  2218| 24s6| 3265 4357 seas| 7423] 11099
OLTsales | Report2018-2019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
cARsales | gyropean Vehicle 0 0 0 0 0 0 0 0 0 0 0 0 0 o] 1611 6558 16110 25323| 29814

PHEV |sUVsales | Market Statistics 0 0 0 0 0 0 0 0 0 0 0 0 0 0 201 871| 2324 4208 5755
OLT sales | Report2018-2019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 s62| 1085
CARsales | gyropean Vehicle 0 0 0 0 0 0 0 0 0 0 0 186| 10s4| 1656] 1611 6558 9206  9208| 10648

BEV [suvsales| Market Statistics 0 0 0 0 0 0 0 0 0 0 0 17 111 184 201 871| 1328 1563 2055
OLT sales | Report2018-2019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 562 1085

CAR sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 11 22 32 67

FCEV |SUV sales EAFO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OLT sales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Appendix B: In-use stock Fleet Model

calibration with median life-time variations
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Figure B - 1: In-use vehicle stock Fleet Model calibration. Case applied to French LDV fleet.
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Figure B - 2: In-use vehicle stock Fleet Model calibration. Case applied to German LDV fleet.
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Figure B - 3: In-use vehicle stock Fleet Model calibration. Case applied to Dutch LDV fleet.
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Figure B - 4: In-use vehicle stock Fleet Model calibration. Case applied to Norwegian LDV fleet.
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Figure B - 5: In-use vehicle stock Fleet Model calibration. Case applied to Spanish LDV fleet.
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Figure B - 6: In-use vehicle stock Fleet Model calibration. Case applied to British LDV fleet.
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Appendix C: Fuel consumption profiles

development

The fuel consumption profiles represent the evolution each vehicle segment and powertrain has
experienced in the previous years. It represents a very important input since it is directly linked to
the total LDV fleet GHG emissions in each of the analyzed European countries. Differences
between European countries are found, however the overall tendency in having more fuel-
efficient vehicles is encountered.

Table C - 1: Fuel consumption recent evolution trends in global regions [98].

2005 2010 2015 2017 2030
Advanced average fuel economy (Lge/100km) 7.4 6.5 5.8 5.8
(Gasoline price 2 annual improvement rate (% per year) -2.4% -2.5% -0.1%
USD 1/L)
-2.0%
Advanced average fuel economy (Lge/100km) 11.0 | 9.5 | 8.6 | 8.6
(Gasoline price < ) . -2.9% -1.9% -0.4%
usD 1/1) annual improvement rate (% per year)
-2.0%
average fuel economy (Lge/100km) 8.6 | 8.5 I 7.8 | 7.5
Emerging ) -0.2% | -1.6% | -2.3%
annual improvement rate (% per year)
-1.2%
average fuel economy (Lge/100km) 8.8 | 8.0 | 7.4 | 72
Global average ) -2.0% | -1.5% I -1.4%
annual improvement rate (% per year)
-1.7%
SR et Required annual improvement rate AL SRR 20
% per year,
(% peryear) 2017 base year -3.7%

Replicating the tendency shown in Table C-1, it is possible to extrapolate from current date the
evolution curve of fuel consumption for the past years. Before 2005, the trend is extrapolated
from other relevant reports [99].

Also, differences between segments and powertrain technology are considered. By assuming
average differences at current date (2017) to be kept over previous trends, it is possible to
extrapolate as well the evolution applied to each segment and powertrain technology.
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Figure C - 1: Average fuel consumption evolution by world region for each vehicle segment [101].

In Figure C-1 it can be appreciated the gap between different vehicle segments for advanced
countries with fuel prices higher than 1$ dollar per liter.
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Figure C - 2: Average fuel consumption evolution by world region for each powertrain technology
[102].

Following the same logic, fuel consumption evolutions of different powertrain technologies are
extrapolated by identifying the existing gap between them in 2017. Comparing the actual average
fuel consumption of the total LDV in a specific country with the value obtained while multiplying
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the current fleet composition by the overall current average of each vehicles segment and
powertrain technology fuel consumption’s, allows to identify the deviations with respect overall
averages for particular country studied.

100% - 10
90% - -9
80% - -8 E
70% -7 8
o )
5 60% -6 oo
.C =
wv c
£ 50% -5 8
£ E
S 40% -4
> ° g
30% -3 S
20% F2 3
10% L1
0% @ T 000 0 0 0 0 00 0 0 0 0 0 0 0 0 0 0 * e e e e — T 0
N @ AL & QR RR RO RS OSL E PR NN
2 L AN P\ S S OSSR ISP RSV & WO & S N AV Y L
CEIFCELIREE N RS EF L P F @O F S Q7 &
& & @&,@Q} WP ¢ © {ov/\@ W S % bq’@\\\QQQP" & S 0‘90& N
> N e A @ QT ¢ bﬂ/ bl'
& ) & N & @
N N NS
N & BB
B3 RS
¥
Small car Medium car
Market segment W Large car B Small SUV/pick-up
M Large SUV/pick-up B Van/LCV
e Unspecified ® Average fuel consumption (right-axis)

Figure C - 3: Vehicle segment fleet LDV penetration and average fuel consumption in several
countries [103].
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Figure C - 4: Vehicle powertrain technology LDV fleet penetration and average fuel consumption in
several countries [104].

Knowing the countries fleet penetrations, shown in Figure C-3 and C-4 for major countries, it is
possible to correct from overall average fuel consumptions and obtain specificity at each studied
country.

Another important aspect to consider is the potential for HEV to reduce fuel consumption with
respect ICEVs. It is assumed that for all the evolution curves, hybrid powertrain technologies
obtain a 30% benefit with respect their homologous size gasoline combustion engine vehicles [7].

Also, it is important to include the utility factor for PHEV, as it represents the percentage of
kilometers driven using the electric motor. For all the cases studied in the Fleet Model, it is
assumed to be as presented in Table 2-C and depends on the vehicle segment size.
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Table C - 2: Utility factors assumed in Fleet Model for percentage of kilometers in PHEV using

electricity [105].
Vehicle PHEV Utility
Segment factor
Car 60%
Suv 50%
OLT 40%

Last but not least, as the values presented are obtained from test cycle data, mostly WLTP cycles,
the real on road fuel consumption is likely be higher. Therefore, a 20% increase with respect the

input data is applied to consider these well-grounded discrepancies.

Following tables present the fuel consumption evolutions for the six countries studied. From 1980
to 2017 they represent input data, while from 2018 to 2050 they constitute estimated fuel

consumptions for Reference Scenarios.
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Table C - 3: France fuel consumption evolution in L / 100 km per vehicles segment and powertrain
technology. Profiles used for Fleet Model calculations.

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992| 1993 1994 1995 1996| 1997 1998
Gasoline 12,00 1197| 1184 11,71] 1158 1146| 1133| 1121 1109| 1097 1085| 1072 1058| 1043 1027] 1010 992| 973 9,54
Carpc D 10,10 9,99 9,88 9,77 9,66 9,56 9,45 9,35 9,25 9,15 9,05 8,94 883 872 8,60 8,48 835 822 8,08
HEV
PHEV
Gasoline 1354 1339| 1324 1310| 1296 12,82 1268| 1254 1240| 1227 1213| 1199| 1183 1166 11,48 1129| 11,09 1088 1067
SUV EC Diesel 11,29 1117| 1105 1093| 1081 1069 1057| 1046 1035| 1023 10,12| 1000 988 9,75 9,62 9,48 934| 9,19 9,04
HEV
PHEV
Gasoline 1713 1694| 1676 1657 1639 1621| 1604| 1586 1569| 1552 1535| 1517 14,97 1475| 1453|1429 1403| 1377| 13,50
OLTFC Diesel 1429 1413 1398| 1383 1367 1353| 1338 1323| 1309| 1295 1281| 1266| 1250 1234| 1217 1199 1181 1163 1143
HEV
PHEV
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011| 2012 2013 2014 2015| 2016 2017
Gasoline 9,34 9,13 8,93 8,73 8,54 8,35 8,15 7,96 7,78 7,59 7,42 7,24 7,06 6,389 6,72 6,56 640 639 6,39
CarFc  [Diese 7,94 7,80 7,66 7,52 7,39 7,25 7,08 6,92 6,76 6,60 6,44 6,29 614 599 5,84 5,70 556 556 5,55
HEV 5,98 5,84 5,71 557 5,44 532 519 5,07 495 482 4,71 4,59 448 448 4,47
PHEV 5,98 5,84 5,71 5,57 5,44 532 519 5,07 495 482 4,71 4,59 448 448 4,47
Gasoline 1044 1021 9,99 9,76 9,55 9,34 9,12 8,90 8,70 8,49 8,29 8,10 79| 7,71 7,52 7,34 716 715 7,14
SUV EC Diesel 8,88 8,72 8,57 8,41 8,26 8,11 7,92 7,74 7,56 7,38 7,21 7,04 687| 6,70 6,53 637 622 621 6,21
HEV 6,68 6,54 6,38 6,23 6,09 5,94 5,81 5,67 553 540 5,26 5,14 501 501 5,00
PHEV 6,68 6,54 6,38 6,23 6,09 594 5,81 5,67 553| 540 5,26 514 501 501 5,00
Gasoline 1321 1292 1263 1236| 1208 1181| 1154| 1127 1100 1075 1049] 1025| 1000 975 9,52 9,28 9,06 9,05 9,04
OLTFC Diesel 11,24 11,04 1084| 1064 1045| 1026 1002 9,79 9,56 9,34 9,12 8,90 869 847 8,27 8,07 787 736 7,85
HEV 8,46 8,27 8,08 7,89 7,70 7,52 7,35 717 700 683 6,66 6,50 634 633 6,33
PHEV 8,46 8,27 8,08 7,89 7,70 7,52 7,35 717 7,00| 6,83 6,66 6,50 634 633 6,33
2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030| 2031 2032 2033 2034| 2035 2036
Gasoline 6,32 6,26 6,20 6,14 6,07 6,01 5,95 5,89 5,84 5,78 5,72 5,66 561 555 5,49 5,44 538 533 5,28
Car FC Diesel 5,49 5,44 5,39 5,33 5,28 5,23 5,17 5,12 5,07 5,02 4,97 4,92 487| 482 4,77 4,73 468 463 4,59
ar HEV 4,43 438 4,34 4,30 4,25 421 4,17 4,13 4,08 4,04 4,00 3,96 392 3388 3,85 3,81 377 373 3,69
PHEV 4,43 438 4,34 4,30 4,25 421 4,17 4,13 4,08 4,04 4,00 3,96 392 3388 3,85 3,81 377 3,73 3,69
Gasoline 7,07 7,00 6,93 6,86 6,79 6,73 6,66 6,59 6,53 6,46 6,40 6,33 627 621 6,14 6,08 602 596 5,90
SUV FC Diesel 6,14 6,08 6,02 5,96 5,90 5,84 5,79 5,73 567 5,61 5,56 5,50 545 539 534 5,29 523| 518 5,13
HEV 4,95 4,90 4,85 4,80 4,76 4,71 4,66 4,61 457 4,52 4,48 4,43 439 434 4,30 4,26 422 417 4,13
PHEV 4,95 4,90 4,85 4,80 4,76 4,71 4,66 4,61 4,57 4,52 4,48 4,43 439 434 4,30 4,26 422 417 4,13
Gasoline 8,95 8,86 8,77 8,68 8,60 8,51 8,42 8,34 8,26 8,17 8,09 8,01 793 7385 7,77 7,70 762 754 747
OLT FC Diesel 7,78 7,70 7,62 7,54 747 7,39 7,32 7,25 717 7,10 7,03 6,96 689 6382 6,75 6,69 662| 655 6,49
HEV 6,26 6,20 6,14 6,08 6,02 5,96 5,90 5,84 5,78 5,72 5,67 5,61 555 550 5,44 5,39 533 528 5,23
PHEV 6,26 6,20 6,14 6,08 6,02 5,96 5,90 5,84 5,78 5,72 5,67 5,61 555 550 5,44 5,39 533 528 5,23
2037 2038 2039 2040 2041 2042 2043 2044 2045 2046 2047 2048 2049| 2050
Gasoline 5,22 517 5,12 5,07 5,02 4,97 4,92 4,87 4,82 4,77 4,72 4,68 463| 458
Car FC Diesel 454 4,49 4,45 4,40 4,36 432 4,27 4,23 4,19 4,15 4,11 4,06 402| 398
ar HEV 3,66 3,62 3,58 3,55 3,51 3,48 3,44 3,41 337 3,34 3,31 3,27 324 321
PHEV 3,66 3,62 3,58 3,55 3,51 3,48 3,44 3,41 337 3,34 3,31 3,27 324 321
Gasoline 5,84 5,78 5,73 5,67 5,61 5,56 5,50 5,45 539 534 5,28 5,23 518 513
SUV EC Diesel 5,08 5,03 4,98 4,93 4,88 4,83 4,78 4,73 4,68 4,64 4,59 4,55 450 445
HEV 4,09 4,05 4,01 3,97 3,93 3,89 3,85 3,81 3,77 3,74 3,70 3,66 363 359
PHEV 4,09 4,05 4,01 3,97 3,93 3,89 3,85 3,81 3,77 3,74 3,70 3,66 363 359
Gasoline 7,39 7,32 7,25 717 7,10 7,03 6,96 6,89 6,82 6,75 6,69 6,62 6,55 649
OLTFC Diesel 6,42 6,36 6,30 6,23 6,17 6,11 6,05 5,99 5,93 5,87 5,81 5,75 569 564
TF HEV 5,18 512 5,07 5,02 4,97 4,92 4,87 4,82 4,78 4,73 4,68 4,63 459| 454
PHEV 5,18 512 5,07 5,02 4,97 4,92 4,87 4,82 4,78 4,73 4,68 4,63 459| 454
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Table C - 4: Germany fuel consumption evolution in L / 100 km per vehicles segment and
powertrain technology. Profiles used for Fleet Model calculations.

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996| 1997 1998
Gasoline 1321 1307 1292| 1278 1264| 1251| 1237 12024] 1210 1197 1184 1170 1155| 1140 1124 1107| 1089 1071] 1052
CarFc  [Diese 11,20 11,08| 1096 1084| 1072 1061| 1049| 1038 1027] 1015| 1004 9,93 981 968 9,55 9,42 9,28| 914 9,00
HEV
PHEV
Gasoline 1431 1415 1400| 1384 1369 1354| 1340 1325| 1311| 1296 1282| 1267 1251 1235 1217 1198| 1179 1159] 1139
Diesel 1213|1200 1187 11,74 1162 1149 1136| 1124 11,12] 1100| 1088 1075| 1062 1049] 1035| 1020 1005] 990 9,74
SUV FC ey
PHEV
Gasoline 1816| 1796 1777 1757| 1738 1719 1701 1682 1664| 1646| 1628 1609| 1588 1567| 1545 1521| 1497| 1472 1446
Diesel 1540 1524| 1507 1491 1474| 1458 1442| 1427| 1411| 1396 1381 1365| 1348 1331| 13,13| 1295| 12,76 1257| 12,37
OLT FC e
PHEV
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015| 2016 2017
Gasoline 1032|1012 9,92 9,72 9,52 9,33 9,11 8,89 8,69 8,48 8,28 8,09 789 770 7,51 7,33 715 7,14 7,14
CarfC  |Diese 8,35 8,70 8,55 8,40 8,25 8,10 7,91 7,73 7,55 7,37 7,20 7,03 686| 669 6,53 6,37 621 621 6,20
HEV 6,66 6,53 6,38 6,23 6,08 5,94 5,80 5,66 552 539 5,26 5,13 500| 5,00 4,99
PHEV 6,66 6,53 6,38 6,23 6,08 5,94 5,80 5,66 552 539 5,26 5,13 500| 5,00 4,99
Gasoline 11,18 1096 1074| 1052| 1031 1010 9,86 9,63 9,41 9,19 8,97 8,76 855 834 8,13 7,94 774 774 7,73
Diesel 9,59 9,42 9,26 9,09 3,93 8,78 8,57 8,37 8,17 7,98 7,79 7,61 743 7024 7,07 6,90 673 672 6,71
SUVFC HEV 7,22 7,07 6,90 6,74 6,58 6,43 6,28 6,13 598| 584 5,69 5,56 542 541 541
PHEV 7,02 7,07 6,90 6,74 6,58 6,43 6,28 6,13 598| 584 5,69 5,56 542|541 5,41
Gasoline 1419| 1391 1363| 1336| 1308 1282 1252 1223 1194| 1166 11,39 11,12| 1085 1058| 1033 1007 983 982 9,81
Diesel 1217| 1196 1175 1154| 1134 1114| 1088 1062 1037| 1013 9,89 9,66 9,43 9,20 8,97 8,75 854| 853 8,52
OLTFC HEV 9,16 8,97 8,76 8,56 8,36 8,16 7,97 7,78 759 741 7,3 7,05 688 6387 6,87
PHEV 9,16 8,97 8,76 8,56 8,36 8,16 7,97 7,78 759 741 7,3 7,05 688 6387 6,87
2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036
Gasoline 7,06 6,99 6,92 6,85 6,79 6,72 6,65 6,58 6,52 6,45 6,39 6,32 626| 6,20 6,14 6,08 601| 595 5,89
¢ |Diese 6,14 6,08 6,02 5,96 5,90 5,84 5,78 5,72 5,66 5,61 5,55 5,50 544| 539 5,33 5,28 523 517 5,12
carf HEV 4,94 4,90 4,85 4,80 4,75 4,70 4,66 4,61 4,56 4,52 4,47 4,43 438| 434 4,30 4,25 421 417 4,13
PHEV 4,94 4,90 4,85 4,80 4,75 4,70 4,66 4,61 4,56 4,52 4,47 4,43 438 434 4,30 4,25 421 417 4,13
Gasoline 7,65 7,57 7,50 7,42 7,35 7,28 7,20 7,13 7,06 6,99 6,92 6,85 678| 671 6,65 6,58 651 645 6,38
VFC |Diesd 6,65 6,58 6,51 6,45 6,38 6,32 6,26 6,20 6,13 6,07 6,01 5,95 589 583 5,77 5,72 566] 560 5,55
su HEV 5,36 5,30 5,25 5,20 5,14 5,09 5,04 4,99 4,94 4,89 4,84 4,79 475 470 4,65 4,61 456 451 4,47
PHEV 5,36 5,30 5,25 5,20 5,14 5,09 5,04 4,99 4,94 4,89 4,84 4,79 475|470 4,65 4,61 456 451 4,47
Gasoline 9,71 9,61 9,52 9,42 9,33 9,23 9,14 9,05 8,96 8,87 8,78 8,69 861 852 8,44 8,35 327| 819 8,10
Diesel 8,44 8,35 8,27 8,19 8,10 8,02 7,94 7,86 7,79 7,71 7,63 7,55 748|740 7,33 7,26 718 711 7,04
OLTFC HEV 6,80 6,73 6,66 6,60 6,53 6,46 6,40 6,34 6,27 6,21 6,15 6,09 603| 596 5,91 5,85 579] 573 5,67
PHEV 6,80 6,73 6,66 6,60 6,53 6,46 6,40 6,34 6,27 6,1 6,15 6,09 6,03| 596 5,91 5,85 5,79 573 5,67
2037 2038 2039 2040 2041 2042 2043 2044 2045 2046 2047 2048 2049 2050
Gasoline 5,84 5,78 5,72 5,66 5,61 5,55 5,49 5,44 5,39 5,33 5,28 5,23 517 512
Diesel 5,07 5,02 4,97 4,92 4,87 4,82 4,77 4,73 4,68 4,63 4,59 4,54 249 445
carfC HEV 4,09 4,04 4,00 3,96 3,92 3,88 3,85 3,81 3,77 3,73 3,69 3,66 362| 358
PHEV 4,09 4,04 4,00 3,96 3,92 3,88 3,85 3,81 3,77 3,73 3,69 3,66 362| 358
Gasoline 6,32 6,26 6,19 6,13 6,07 6,01 5,95 5,89 5,83 5,77 5,72 5,66 560 555
Diesel 5,49 5,44 5,38 5,33 5,7 5,22 5,17 5,12 5,07 5,02 4,97 4,92 237|482
SUVFC HEV 4,42 4,38 4,34 4,29 4,25 4,21 417 4,12 4,08 4,04 4,00 3,96 392| 3388
PHEV 4,42 4,38 4,34 4,29 4,25 421 4,17 4,12 4,08 4,04 4,00 3,96 392| 3388
Gasoline 8,02 7,94 7,86 7,78 7,71 7,63 7,55 7,48 7,40 7,33 7,26 7,18 711| 7,04
olTFc D 6,97 6,90 6,83 6,76 6,70 6,63 6,56 6,50 6,43 6,37 6,30 6,24 618| 612
LTF HEV 5,62 5,56 5,50 5,45 5,39 5,34 5,29 5,23 5,18 5,13 5,08 5,03 298| 493
PHEV 5,62 5,56 5,50 5,45 5,39 534 5,29 5,23 518 5,13 5,08 5,03 298 493
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Table C - 5: The Netherlands fuel consumption evolution in L / 100 km per vehicles segment and
powertrain technology. Profiles used for Fleet Model calculations.

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992| 1993 1994 1995 1996| 1997 1998
Gasoline 1186 11,73 1161 1148| 1135| 11,23 1111| 1099 1087| 1075 1063| 1051 1037| 1022 1006 9,90 9,72| 954 9,35
Carpc  |Diesel 9,90 9,79 9,68 9,58 9,47 9,37 9,27 9,17 9,07 8,97 8,87 8,77 8,66 855 8,43 831 8,18 805 7,92
HEV
PHEV
Gasoline 1324 13,09| 1295| 1281 1267| 1253 1240| 1226 12,13| 1200 11,87 1172 1157| 1140 1123] 1104 1085| 1064 1043
VE Diesel 11,04 1092| 1080| 1069| 1057| 1046 1034| 1023 10,12] 1001 9,90 9,78 9,66 954 9,41 9,27 9,13 899 8,84
SUV FC ey
PHEV
Gasoline 16,71 1652 1634 1617| 1599 1582 1564| 1547| 1531 1514| 1497 1479| 1460| 1439| 1417| 1394| 1369| 1343 1316
Diesel 1394 1378| 1363| 13,49 1334 1319 1305| 1291 12,77 1263 1249| 1235| 12,19| 1204 1187 1170 1152| 1134 1115
OLT FC e
PHEV
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015| 2016 2017
Gasoline 9,15 8,95 8,75 8,56 8,37 8,18 7,99 7,80 7,62 7,44 7,27 7,10 692 6,76 6,59 6,43 627| 627 6,26
CarFc  [Piese 7,78 7,64 7,51 737 7,24 7,11 6,94 6,78 6,62 6,47 6,31 6,17 602 5387 5,73 5,59 545 544 5,44
HEV 5,86 5,73 5,59 5,46 533 521 5,09 4,97 485 473 4,61 4,50 439 439 4,38
PHEV 5,86 5,73 5,59 5,46 533 521 5,09 4,97 485 473 4,61 4,50 439 439 4,38
Gasoline 10,21 9,99 9,77 9,55 9,34 9,13 8,92 8,71 8,50 8,31 8,11 7,92 7,73 754 7,36 7,18 7,00 699 6,99
Diesel 8,69 8,53 8,38 8,23 8,08 7,93 7,75 7,57 7,39 7,22 7,05 6,88 671 655 6,39 6,23 608 6,08 6,07
SUVFC HEV 6,54 6,39 6,24 6,10 5,95 5,81 5,68 554 541 528 5,15 5,02 490 490 4,89
PHEV 6,54 6,39 6,24 6,10 5,95 5,81 5,68 5,54 541 528 5,15 5,02 4,90| 490 4,89
Gasoline 1289 1260 1232| 1205 1178| 1152 1125| 1099 10,73] 1048 1024| 1000 9,75 951 9,28 9,06 883 8383 8,82
Diesel 1096 1076] 1057| 1038 1020| 1001 9,78 9,55 9,33 9,11 8,89 8,68 847 827 8,06 7,87 768 767 7,66
OLTFC HEV 8,25 8,07 7,88 7,69 7,51 7,34 7,16 7,00 683 666 6,50 6,34 618 6,18 6,17
PHEV 8,25 8,07 7,88 7,69 7,51 7,34 7,16 7,00 683 6,66 6,50 6,34 6,18 6,18 6,17
2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030| 2031 2032 2033 2034 2035 2036
Gasoline 6,20 6,14 6,07 6,01 5,95 5,89 5,84 5,78 5,72 5,66 5,61 5,55 549 544 5,38 533 528 522 517
¢ Diesel 5,39 533 5,28 5,23 517 5,12 5,07 5,02 4,97 4,92 4,87 4,82 477 473 4,68 4,63 459| 454 4,49
carf HEV 434 4,30 4,25 4,21 4,17 4,13 4,08 4,04 4,00 3,96 3,92 3,88 385 3,81 3,77 3,73 369 366 3,62
PHEV 434 4,30 4,25 4,21 4,17 4,13 4,08 4,04 4,00 3,96 3,92 3,88 385 381 3,77 3,73 369 366 3,62
Gasoline 6,92 6,85 6,78 6,71 6,64 6,58 6,51 6,45 6,38 6,32 6,26 6,19 613 6,07 6,01 5,95 589 583 5,77
VEC Diesel 6,01 5,95 5,89 5,83 5,77 5,72 5,66 5,60 5,55 5,49 5,44 5,38 533 527 5,22 517 512 507 5,02
su HEV 4,84 4,79 4,75 4,70 4,65 4,60 4,56 451 4,47 4,42 438 434 420 425 4,21 4,16 412 4,08 4,04
PHEV 4,84 4,79 4,75 4,70 4,65 4,60 4,56 451 4,47 4,42 4,38 4,34 429| 425 421 4,16 42| 4,08 4,04
Gasoline 8,73 8,64 8,56 8,47 8,38 8,30 8,22 8,14 8,05 7,97 7,89 7,82 7,74 766 7,58 7,51 743 736 7,28
Diesel 7,58 7,51 7,43 7,36 7,29 7,21 7,14 7,07 7,00 6,93 6,86 6,79 672 666 6,59 6,52 646 639 6,33
OLTFC HEV 6,11 6,05 5,99 5,93 5,87 5,81 5,75 5,70 5,64 5,58 5,53 547 542 536 531 5,26 520 515 5,10
PHEV 6,11 6,05 5,99 5,93 5,87 5,81 5,75 5,70 5,64 5,58 5,53 5,47 542 536 531 5,26 520 515 5,10
2037 2038 2039 2040 2041 2042 2043 2044 2045 2046 2047 2048 2049| 2050
Gasoline 5,12 5,07 5,02 4,97 4,92 4,87 4,82 4,77 4,73 4,68 4,63 4,58 454| 449
Car EC Diesel 4,45 4,40 4,36 4,32 427 4,23 4,19 4,15 4,11 4,06 4,02 3,98 394 3,90
ar HEV 3,58 3,55 3,51 3,48 3,44 3,41 3,37 334 331 3,27 3,24 3,21 318 3,15
PHEV 3,58 3,55 3,51 3,48 3,44 3,41 3,37 3,34 331 3,27 3,24 3,21 318 3,15
Gasoline 5,71 5,66 5,60 5,54 5,49 5,43 5,38 533 527 522 517 5,12 507| 5,01
S c Diesel 4,97 4,92 4,87 4,82 4,77 4,72 4,67 4,63 4,58 4,54 4,49 4,45 440 436
UVF HEV 4,00 3,96 3,92 3,88 3,84 3,80 3,77 3,73 3,69 3,65 3,62 3,58 355 351
PHEV 4,00 3,96 3,92 3,88 3,84 3,80 3,77 3,73 3,69 3,65 3,62 3,58 355 351
Gasoline 7,21 7,14 7,07 7,00 6,93 6,86 6,79 6,72 6,65 6,59 6,52 6,46 639 633
Diesel 6,27 6,20 6,14 6,08 6,02 5,96 5,90 5,84 5,78 5,72 5,67 5,61 555 550
OLTFC HEV 5,05 5,00 4,95 4,90 4,85 4,80 4,75 4,71 4,66 4,61 4,57 4,52 447 443
PHEV 5,05 5,00 4,95 4,90 4,85 4,80 4,75 4,71 4,66 4,61 4,557 4,52 447|443
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Table C - 6: Norway fuel consumption evolution in L / 100 km per vehicles segment and powertrain
technology. Profiles used for Fleet Model calculations.

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992| 1993 1994 1995 1996| 1997 1998
Gasoline 1283 1269 1255 1241 1228 1245| 1201 1188 11,75| 1163 1150 1136| 1121 1105| 1088 1070| 1051 1031] 1011
CarFC  |Diese 1070 1059| 1047] 1036| 1024 1013] 1002 9,91 9,80 9,70 9,59 9,48 936| 924 9,12 8,98 885| 871 8,56
HEV
PHEV
Gasoline 1427| 1411 1396| 1381 1366 1351| 1336 1322 1307| 1293 12,79| 1264 1247| 1229 1230 1190| 1169 11,47 1125
VE Diesel 11,90 11,77] 1165 1152| 1139 1127 1115|1103 1091| 1079 1067| 1055| 1042 1028| 1014 9,99 984] 9,69 9,53
SUV FC eV
PHEV
Gasoline 1840 1820| 1801| 1781 1762 1742| 1723| 1705 1686| 1668| 1650| 1630 1608| 1585| 1561 1535| 1508| 1480 1450
Diesel 1535| 1519 1502| 1486 1469 1454| 1438 1422 1407| 1391 1376| 1360| 1343| 1326| 1308 1289 1269 1249] 1229
OLT FC e
PHEV
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015| 2016 2017
Gasoline 9,90 9,68 9,46 9,25 9,05 8,85 8,64 8,44 8,24 8,05 7,86 7,68 749 731 7,13 6,95 678| 678 6,77
CarfC  |Diese 8,42 8,27 8,12 7,97 7,83 7,69 7,51 7,33 7,16 6,99 6,83 6,67 651 635 6,19 6,04 589 5389 5,88
HEV 6,33 6,19 6,05 5,91 5,77 5,63 5,50 5,37 524 511 4,99 4,87 475|474 4,74
PHEV 6,33 6,19 6,05 5,91 5,77 5,63 5,50 5,37 524 511 4,99 4,87 a75|  a74 4,74
Gasoline 11,01 1077 1053] 1029 1007 9,84 9,61 9,39 9,17 8,95 8,74 8,54 833 813 7,93 7,74 755 754 7,53
Diesel 9,36 9,19 9,03 8,37 8,71 8,55 8,35 3,16 7,97 7,78 7,60 7,42 724|706 6,89 6,72 656] 655 6,54
SUVFC HEV 7,05 6,89 6,73 6,57 6,42 6,27 6,12 5,98 583 569 5,55 541 528 528 5,27
PHEV 7,05 6,89 6,73 6,57 6,42 6,27 6,12 5,98 583] 569 5,55 5,41 528| 528 5,27
Gasoline 1420| 1388 1358 1328| 1298 12,70 1240 1221| 11,82| 1155 11,28 1101| 1074 1048| 1023 9,98 9,73 972 9,71
Diesel 1208 1186 1165 1144| 1123 1103 1077] 1052 1027| 1003 9,80 9,57 933 911 3,88 8,67 846| 845 8,44
OLTFC HEV 9,09 8,89 8,68 8,48 8,28 8,08 7,89 7,71 752 734 7,16 6,98 681 6381 6,80
PHEV 9,09 8,89 8,68 8,48 8,28 8,08 7,89 7,71 752 734 7,16 6,98 681 6381 6,80
2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036
Gasoline 6,70 6,64 6,57 6,50 6,44 6,37 6,31 6,25 6,19 6,12 6,06 6,00 594| 588 5,82 5,77 571 565 5,59
¢ |Diese 5,82 5,77 5,71 5,65 5,59 5,54 5,48 5,43 5,37 5,32 5,27 5,21 516| 511 5,06 5,01 496 491 4,86
carf HEV 4,69 4,65 4,60 4,55 4,51 4,46 4,42 4,37 4,33 4,29 4,24 4,20 416| 412 4,08 4,04 200 396 3,92
PHEV 4,69 4,65 4,60 4,55 451 4,46 4,42 4,37 433 4,29 4,24 4,20 216 412 4,08 4,04 200 396 3,92
Gasoline 7,46 7,38 7,31 7,23 7,16 7,09 7,02 6,95 6,88 6,81 6,74 6,68 661 654 6,48 6,41 635 629 6,22
UV FC R 6,48 6,41 6,35 6,29 6,22 6,16 6,10 6,04 5,98 5,92 5,86 5,80 5,74 568 5,63 5,57 552 546 5,41
S HEV 5,22 517 5,12 5,06 5,01 4,96 4,91 4,36 4,82 4,77 4,72 4,67 463 458 4,53 4,49 244 440 436
PHEV 5,22 5,17 5,12 5,06 5,01 4,96 4,91 4,36 4,82 4,77 4,72 4,67 463 458 4,53 4,49 444|440 436
Gasoline 9,62 9,52 9,42 9,33 9,24 9,14 9,05 8,96 8,87 8,78 8,70 3,61 852 844 8,35 8,27 319| 811 3,02
Diesel 8,36 8,27 8,19 8,11 8,03 7,95 7,87 7,79 7,71 7,63 7,56 7,48 741 733 7,26 7,19 711| 704 6,97
OLTFC HEV 6,73 6,66 6,60 6,53 6,47 6,40 6,34 6,27 6,21 6,15 6,09 6,03 597| 591 5,85 5,79 573|567 5,62
PHEV 6,73 6,66 6,60 6,53 6,47 6,40 6,34 6,27 6,21 6,15 6,09 6,03 597| 591 5,85 5,79 5,73 567 5,62
2037 2038 2039 2040 2041 2042 2043 2044 2045 2046 2047 2048 2049| 2050
Gasoline 5,54 5,48 5,43 537 5,32 5,27 5,21 5,16 5,11 5,06 5,01 4,96 291 age6
Diesel 4,81 4,76 4,72 4,67 4,62 4,58 4,53 4,48 4,44 4,40 435 431 226 422
carfc HEV 3,88 3,84 3,80 3,76 3,72 3,69 3,65 3,61 3,58 3,54 3,51 3,47 344 340
PHEV 3,88 3,84 3,80 3,76 3,72 3,69 3,65 3,61 3,58 3,54 3,51 3,47 344 340
Gasoline 6,16 6,10 6,04 5,98 5,92 5,86 5,80 5,74 5,68 5,63 5,57 5,52 546 541
s c |Diesd 5,35 5,30 5,25 5,19 5,14 5,09 5,04 4,99 4,94 4,89 4,84 4,79 474 470
UvE HEV 431 4,27 4,23 4,18 4,14 4,10 4,06 4,02 3,98 3,94 3,90 3,86 382 378
PHEV 431 4,27 4,23 4,18 2,14 4,10 4,06 4,02 3,98 3,94 3,90 3,86 382 378
Gasoline 7,94 7,87 7,79 7,71 7,63 7,56 7,48 7,40 7,33 7,26 7,18 711 704 697
ITrc  |Diesel 6,90 6,83 6,77 6,70 6,63 6,56 6,50 6,43 6,37 6,31 6,24 6,18 612 6,06
0 HEV 5,56 5,51 5,45 5,40 5,34 5,29 5,24 5,18 5,13 5,08 5,03 4,98 293| ass
PHEV 5,56 5,51 5,45 5,40 5,34 5,29 5,4 5,18 5,13 5,08 5,03 4,98 493 488
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Table C - 7: Spain fuel consumption evolution in L / 100 km per vehicles segment and powertrain
technology. Profiles used for Fleet Model calculations.

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992| 1993 1994 1995 1996| 1997 1998
Gasoline 11,97 1184 1171 1158| 114s| 1133] 1121] 1109 1096| 1085 1073 1060| 1047 1033| 1018 1003 986] 9,70 9,53
CarFc  [Diese 10,15| 10,04 9,93 9,82 9,72 9,61 9,51 9,40 9,30 9,20 9,10 8,99 889| 877 8,66 8,53 841| 828 8,15
HEV
PHEV
Gasoline 1336| 1321 1307| 1292 1278 1264| 1251 1237 1224| 1230 11,97 11,83] 1168| 1153| 1136 11,19] 1101] 1082] 1063
VE Diesel 11,33 1121 1108 1096| 1084 1073] 1061 1049| 1038| 1027 1015| 1004 9,92] 9,79 9,66 9,52 939] 924 9,10
SUV FC eV
PHEV
Gasoline 1685| 1667| 1649 1631| 1613 1596| 1578 1561| 1544 1527 1511| 1493 1474| 1454 1434 1412| 1389 1366| 1342
Diesel 1430| 1414 1399 1383 1368 1353] 1339 1324 1310| 1296 1281 1267| 1251| 1235 1219 1202| 1184 1166] 1148
OLT FC e
PHEV
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015| 2016 2017
Gasoline 9,35 9,17 8,98 8,80 8,62 8,45 8,25 8,06 7,87 7,68 7,50 7,33 715|697 6,80 6,64 648| 647 6,46
CarfC  |Diese 8,02 7,88 7,74 7,61 7,47 7,34 7,17 7,00 6,84 6,68 6,52 6,37 621 6,06 5,91 5,77 563 562 5,62
HEV 6,04 5,91 5,78 5,64 5,51 5,38 5,25 513 s00| 488 4,76 4,65 453 453 4,52
PHEV 6,04 5,91 5,78 5,64 5,51 5,38 5,25 513 s00| 438 4,76 4,65 453 453 4,52
Gasoline 1043|1023 1003 9,82 9,62 9,43 9,1 8,99 8,78 8,58 8,37 3,18 798| 778 7,59 741 723 722 7,21
Diesel 8,95 3,80 8,64 8,49 8,34 8,19 8,00 7,81 7,63 7,45 7,28 7,11 693 676 6,60 6,44 628 627 6,27
SUVFC HEV 6,74 6,60 6,45 6,29 6,15 6,00 5,86 5,72 559 545 5,32 5,19 506] 505 5,05
PHEV 6,74 6,60 6,45 6,29 6,15 6,00 5,86 5,72 559 545 5,32 5,19 506] 505 5,05
Gasoline 1317| 1291 1265 1240 1224 1190| 1162| 1135 1108| 1082 1057 1032] 1007 982 9,58 9,35 9,12 911 9,10
Diesel 1129] 1110|1090 1071| 1052 1034| 1010 9,86 9,63 9,40 9,18 8,97 875| 853 8,33 8,12 793 792 7,91
OLTFC HEV 8,50 8,33 8,13 7,94 7,76 7,58 7,40 7,22 705| 638 6,71 6,54 639 638 6,37
PHEV 8,50 8,33 8,13 7,94 7,76 7,58 7,40 7,22 705] 638 6,71 6,54 639] 638 6,37
2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036
Gasoline 6,40 6,34 6,27 6,21 6,15 6,09 6,02 5,96 5,90 5,85 5,79 5,73 567 562 5,56 5,50 545 539 5,34
¢ |Diese 5,56 5,50 5,45 5,39 5,34 5,29 5,23 5,18 5,13 5,08 5,03 4,98 493 4388 4,83 4,78 473 469 4,64
carf HEV 4,48 4,43 4,39 4,35 4,30 4,26 4,22 4,18 4,13 4,09 4,05 4,01 397| 393 3,89 3,85 381 378 3,74
PHEV 4,48 443 4,39 435 4,30 4,26 4,22 4,18 413 4,09 4,05 4,01 397| 393 3,89 3,85 381 378 3,74
Gasoline 7,14 7,07 7,00 6,93 6,86 6,79 6,72 6,66 6,59 6,52 6,46 6,39 633| 627 6,20 6,14 608| 6,02 5,96
UVEC |2 6,21 6,14 6,08 6,02 5,96 5,90 5,84 5,78 5,73 5,67 5,61 5,56 550| 545 5,39 5,34 528| 523 5,18
S HEV 5,00 4,95 4,90 4,85 4,80 4,75 4,71 4,66 4,61 4,57 4,52 4,48 243 439 434 4,30 126 421 4,17
PHEV 5,00 4,95 4,90 4,85 4,80 4,75 4,71 4,66 4,61 4,57 4,52 4,48 443|439 4,34 4,30 426 421 4,17
Gasoline 9,01 8,92 8,33 8,74 8,66 8,57 3,48 8,40 8,32 8,23 8,15 8,07 799 791 7,83 7,75 767 7,60 7,52
Diesel 7,83 7,75 7,67 7,60 7,52 7,45 7,37 7,30 7,23 7,15 7,08 7,01 694| 687 6,80 6,73 667 6,60 6,53
OLTFC HEV 6,31 6,25 6,18 6,12 6,06 6,00 5,94 5,88 5,82 5,76 5,71 5,65 559| 554 5,48 5,43 537| 532 5,26
PHEV 6,31 6,25 6,18 6,12 6,06 6,00 5,94 5,88 5,82 5,76 5,71 5,65 559| 554 5,48 5,43 537 532 5,26
2037 2038 2039 2040 2041 2042 2043 2044 2045 2046 2047 2048 2049 2050
Gasoline 5,29 5,23 5,18 5,13 5,08 5,03 4,98 4,93 4,88 4,83 4,78 4,73 469| 464
CarfC Diesel 4,59 4,55 4,50 4,46 4,41 4,37 4,32 4,28 4,24 4,20 4,15 4,11 407| 4,03
ar HEV 3,70 3,66 3,63 3,59 3,56 3,52 3,48 3,45 3,41 3,38 3,35 3,31 328 325
PHEV 3,70 3,66 3,63 3,59 3,56 3,52 3,48 3,45 3,41 3,38 3,35 3,31 328 325
Gasoline 5,90 5,84 5,78 5,73 5,67 5,61 5,56 5,50 5,44 5,39 5,34 5,28 523 518
s c | 5,13 5,08 5,02 4,97 4,92 4,88 4,83 4,78 4,73 4,68 4,64 4,59 454 450
UVF HEV 4,13 4,09 4,05 4,01 3,97 3,93 3,89 3,85 3,81 3,77 3,74 3,70 366 362
PHEV 4,13 4,09 4,05 4,01 3,97 3,93 3,89 3,85 3,81 3,77 3,74 3,70 366 362
Gasoline 7,45 7,37 7,30 7,22 7,15 7,08 7,01 6,94 6,87 6,30 6,73 6,67 660 653
Diesel 6,47 6,40 6,34 6,28 6,21 6,15 6,09 6,03 5,97 5,91 5,85 5,79 573 568
OLTFC HEV 5,21 5,16 5,11 5,06 5,01 4,96 4,91 4,86 4,81 4,76 4,71 4,67 462| 457
PHEV 5,21 5,16 5,11 5,06 5,01 4,96 4,91 4,86 4,81 4,76 4,71 4,67 462| 457
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Table C - 8: The United Kingdom fuel consumption evolution in L / 100 km per vehicles segment and
powertrain technology. Profiles used for Fleet Model calculations.

1980

1981

1982

1983 1984 1985 1986 1987 1988 1989 1990 1991 1992| 1993 1994 1995 1996| 1997 1998
Gasoline 1296 12,82 1268 1254 1240| 12,27 1214| 1200 11,87| 1174 1162| 1148 1134| 1118 1102] 1086 1068| 1050 1032
Carpc  |Diesel 1099 1087| 1075| 1064| 1052| 1041| 1029| 1018 1007 9,96 9,85 9,74 962 950 9,37 9,24 911 897 8,83
HEV
PHEV
Gasoline 14,03 13,88| 1373| 1358| 1343| 1328 1314| 1300 12.86| 1272 1258| 1243 1227| 1221 1193] 117s| 1157| 1137 1117
VE Diesel 11,90 11,77 1164 1152) 1139 1127 1115|1102 1090| 1079 1067| 1055 1042| 1029 1015] 10,01 986 9,71 9,56
SUV FC ey
PHEV
Gasoline 1807| 1787 1767 1748| 1729 1710| 1692 1673| 1655 1637| 16,19 1600| 1580 1559| 1537 1513 14,89 1464 1438
Diesel 1532 1516| 1499 1483| 1467| 1451 1435| 1429 1404| 1389 1374| 1358 1341| 1324 1307] 1288 1270 1250 1231
OLT FC e
PHEV
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015| 2016 2017
Gasoline 10,12 9,93 9,73 9,53 9,34 9,15 8,93 8,73 8,52 8,32 8,13 7,94 7,74 755 737 7,19 701| 701 7,00
CarFc  [Piese 8,68 8,53 8,38 8,24 8,09 7,95 7,76 7,58 7,40 7,23 7,06 6,89 673 656 6,40 6,25 6,09 6,09 6,08
HEV 6,54 6,40 6,25 6,11 5,96 5,82 5,69 5,55 542 529 5,16 5,03 491 490 4,90
PHEV 6,54 6,40 6,25 6,11 5,96 5,82 5,69 5,55 542 529 5,16 5,03 491 490 4,90
Gasoline 1096 10,75] 1053 1032] 1011 9,91 9,67 9,45 9,23 9,01 8,80 8,59 838 818 7,98 7,78 759 7559 7,58
Diesel 9,40 9,24 9,08 8,92 8,76 8,61 8,40 8,21 8,02 7,83 7,64 747 728 711 6,93 6,76 660 659 6,58
SUVFC HEV 7,08 6,93 6,77 6,61 6,46 6,31 6,16 6,01 587 572 5,58 5,45 532 531 531
PHEV 7,08 6,93 6,77 6,61 6,46 6,31 6,16 6,01 587 572 5,58 5,45 532 531 531
Gasoline 1421 1384| 1356 1329| 1302| 12,75 1246| 1206 11,88 1160 1133| 1106 1079| 1053 1027] 1002 9,78 9,77 9,76
Diesel 12,0 11,90 1169 11,48 1128| 1108 1082| 1057 1032| 1008 9,84 9,61 938 915 8,93 8,71 850 849 8,48
OLTFC HEV 9,11 8,93 8,72 8,51 8,31 8,12 7,93 7,74 755 737 7,19 7,02 684 6384 6,83
PHEV 9,11 8,93 8,72 8,51 8,31 8,12 7,93 7,74 755 737 7,19 7,02 684 6384 6,83
2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030| 2031 2032 2033 2034 2035 2036
Gasoline 6,93 6,86 6,79 6,72 6,66 6,59 6,52 6,46 6,39 6,33 6,27 6,20 6,14 6,08 6,02 5,96 590 5384 5,78
¢ Diesel 6,02 5,96 5,90 5,84 5,78 5,73 5,67 5,61 5,56 5,50 5,45 5,39 534 528 5,23 5,18 513 508 5,02
carf HEV 4,85 4,80 4,75 4,71 4,66 4,61 4,557 4,52 4,48 4,43 4,39 4,34 430 426 4,21 4,17 4,13 4,09 4,05
PHEV 4,85 4,80 4,75 4,71 4,66 4,61 457 4,552 4,48 4,43 4,39 434 430 426 4,21 4,17 413| 4,09 4,05
Gasoline 7,50 7,43 7,35 7,28 7,21 7,14 7,06 6,99 6,92 6,85 6,79 6,72 665 658 6,52 6,45 639 632 6,26
VEC Diesel 6,52 6,45 6,39 6,33 6,26 6,20 6,14 6,08 6,02 5,96 5,90 5,84 5,78 5,72 5,66 5,61 555 550 5,44
su HEV 5,25 5,20 5,15 5,10 5,05 4,99 4,94 4,90 4,85 4,80 4,75 4,70 466 461 4,56 4,52 447| 443 4,38
PHEV 5,25 5,20 5,15 5,10 5,05 4,99 4,94 4,90 4,85 4,80 4,75 4,70 466 461 4,56 4,52 447 443 4,38
Gasoline 9,66 9,56 9,47 937 9,28 9,19 9,10 9,00 8,91 8,82 8,74 8,65 856| 848 8,39 831 823 814 8,06
Diesel 8,39 8,31 8,23 8,14 8,06 7,98 7,90 7,82 7,75 7,67 7,59 7,52 744 737 7,29 7,22 715 7,08 7,00
OLTFC HEV 6,76 6,69 6,63 6,56 6,50 6,43 6,37 6,30 6,24 6,18 6,12 6,05 599 593 5,87 5,82 5,76 5,70 5,64
PHEV 6,76 6,69 6,63 6,56 6,50 6,43 6,37 6,30 6,24 6,18 6,12 6,05 599 593 5,87 5,82 576/ 5,70 5,64
2037 2038 2039 2040 2041 2042 2043 2044 2045 2046 2047 2048 2049| 2050
Gasoline 5,73 5,67 5,61 5,56 5,50 5,44 5,39 5,34 5,28 5,23 5,18 5,13 507| 5,02
Car EC Diesel 4,97 4,92 4,88 4,83 4,78 4,73 4,68 4,64 4,59 4,54 4,50 4,45 441 437
ar HEV 4,01 3,97 3,93 3,89 3,85 3,81 3,77 3,74 3,70 3,66 3,62 3,59 355 352
PHEV 4,01 3,97 3,93 3,89 3,85 3,81 3,77 3,74 3,70 3,66 3,62 3,59 355 352
Gasoline 6,20 6,14 6,08 6,01 5,95 5,89 5,84 5,78 5,72 5,66 5,61 5,55 549 544
S c Diesel 5,39 5,33 5,28 5,23 5,17 5,12 5,07 5,02 4,97 4,92 4,87 4,82 477 473
UVF HEV 434 4,30 4,25 421 4,17 4,13 4,09 4,04 4,00 3,96 3,92 3,89 385 3,81
PHEV 434 4,30 4,25 421 4,17 4,13 4,09 4,04 4,00 3,96 3,92 3,89 385 3,81
Gasoline 7,98 7,90 7,82 7,74 7,67 7,59 7,51 7,44 7,36 7,29 7,22 7,15 707| 7,00
Diesel 6,93 6,87 6,80 6,73 6,66 6,59 6,53 6,46 6,40 6,33 6,27 6,21 615 6,09
OLTFC HEV 5,59 5,53 5,48 5,42 537 531 5,26 521 5,16 5,10 5,05 5,00 495 4,90
PHEV 5,59 5,53 5,48 5,42 537 531 5,26 5,21 5,16 5,10 5,05 5,00 495 4,90
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Table C - 9: Fleet Model input energy consumption profile for electric vehicle powertrains in kWh /

km.

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

PHEV 0,23 0,23 0,23 0,23 0,23 0,23 0,23 0,23 0,23 0,23 0,23 0,22 0,22 0,22 0,22 0,22 0,21 0,21 0,21 0,21 0,20

CarFC |Bev 0,23 0,23 0,23 0,23 0,23 0,23 0,23 0,23 0,23 0,23 0,23 022| 022 0,22 0,22 022| o021 0,21 0,21 0,21 0,20
FCEV 0,23 0,23 0,23 0,23 0,23 0,23 0,23 0,23 0,23 0,23 0,23 0,22 0,22 0,22 0,22 0,22 0,21 0,21 0,21 0,21 0,20

PHEV 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,28 0,28 0,28 0,28 0,27 0,27 0,27 0,26 0,26

SUVFC [Bev 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,28 0,28 0,28 0,28 0,27 0,27 0,27 0,26 0,26
FCEV 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,28 0,28 0,28 0,28 0,27 0,27 0,27 0,26 0,26

PHEV 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,28 0,28 0,28 0,28 0,27 0,27 0,27 0,26 0,26

OLTFC  |[BEV 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,28 0,28 0,28 0,28 0,27 0,27 0,27 0,26 0,26
FCEV 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 0,29 029] 0,28 0,28 0,28 028| 027 0,27 0,27 0,26 0,26

2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041| 2042 2043 2044 2045| 2046 2047 2048 2049 2050

PHEV 0,20 0,20 0,20 0,20 0,19 0,19 0,19 0,19 0,19 0,18 0,18 0,18 018| 018 0,18 0,17 017| 017 0,17 0,17 0,17 0,16

Car FC BEV 0,20 0,20 0,20 0,20 0,19 0,19 0,19 0,19 0,19 0,18 0,18 0,18 0,18 0,18 0,18 0,17 0,17 017 0,17 0,17 0,17 0,16
FCEV 0,20 0,20 0,20 0,20 0,19 0,19 0,19 0,19 0,19 0,18 0,18 0,18 0,18 0,18 0,18 0,17 0,17 0,17 0,17 0,17 0,17 0,16

PHEV 0,26 0,26 0,25 0,25 0,25 0,25 0,24 0,24 0,24 0,24 0,23 0,23 023| 023 0,23 0,22 022| 022 0,22 0,21 0,21 0,21

SUV FC BEV 0,26 0,26 0,25 0,25 0,25 0,25 0,24 0,24 0,24 0,24 0,23 0,23 0,23 0,23 0,23 0,22 0,22 0,22 0,22 0,21 0,21 0,21
FCEV 0,26 0,26 0,25 0,25 0,25 0,25 0,24 0,24 0,24 0,24 0,23 0,23 0,23 0,23 0,23 0,22 0,22 0,22 0,22 0,21 0,21 0,21

PHEV 0,26 0,26 0,25 0,25 0,25 0,25 0,24 0,24 0,24 0,24 0,23 0,23 0,23 0,23 0,23 0,22 0,22 0,22 0,22 0,21 0,21 0,21

OLT FC  |Bev 0,26 0,26 0,25 0,25 0,25 0,25 0,24 0,24 0,24 0,24 0,23 0,23 0,23 0,23 0,23 0,22 0,22 0,22 0,22 0,21 0,21 0,21
FCEV 0,26 0,26 0,25 0,25 0,25 0,25 0,24 0,24 0,24 0,24 0,23 0,23 0,23 0,23 0,23 0,22 0,22 0,22 0,22 0,21 0,21 0,21
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Appendix D: Electricity grid generation mix in

major

projected trend

All input data is retrieved from the European Commission and IEA sources.

Table D - 1: Electricity grid generation mix evolution in previous years in France for each source of
energy considered in the Fleet Model.

European countries

analyzed and

Market ion Mix

by Source Type 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Solid fossil fuels, peat and products, oil shale & oil sands 4,78% 3,98% 4,29% 4,02% 4,04% 4,10% 3,11% 3,75% 4,10% 1,97% 2,05% 1,83% 2,25%
of which hard coal 4,78% 3,98% 4,29% 4,02% 4,04% 4,10% 3,11% 3,75% 4,10% 1,97% 2,05% 1,83% 2,25%
of which brown coal 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Oil & petroleum products 1,38% 1,24% 1,08% 0,93% 0,88% 0,97% 1,30% 1,27% 1,10% 1,12% 1,15% 1,22% 1,32%
Natural gas & manufactured gas 4,56% 4,40% 4,52% 4,40% 4,27% 4,69% 5,58% 4,45% 3,60% 2,75% 4,11% 6,56% 7,63%
of which natural gas 4,00% 3,79% 3,86% 3,82% 3,83% 4,17% 5,15% 3,98% 3,17% 2,30% 3,65% 6,20% 7,20%
Nuclear 78,38% 78,31% 77,22% 76,62% 76,49% 75,29% 77,22% 74,40% 72,91% 76,36% 75,62% 71,51% 70,95%
Renewables & biofuels 10,62% 11,79% 12,57% 13,69% 13,93% 14,58% 12,42% 15,72% 17,91% 17,42% 16,67% 18,45% 17,41%
Hydro 9,78% 10,74% 11,11% 11,92% 11,57% 11,86% 8,86% 11,31% 13,24% 12,17% 10,44% 11,65% 9,82%
Wind| 0,17% 0,38% 0,71% 0,99% 1,48% 1,75% 2,11% 2,62% 2,77% 3,03% 3,69% 3,81% 4,40%
Solid biofuels & renewable wastes 0,51% 0,50% 0,55% 0,57% 0,61% 0,60% 0,74% 0,71% 0,65% 0,71% 0,79% 1,00% 1,00%
Biogases 0,08% 0,09% 0,11% 0,12% 0,16% 0,18% 0,20% 0,23% 0,27% 0,29% 0,32% 0,35% 0,37%
Liquid biofuels 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Solar| 0,00% 0,00% 0,00% 0,01% 0,03% 0,11% 0,41% 0,77% 0,89% 1,12% 1,34% 1,54% 1,70%
Geothermal 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,01% 0,01% 0,02% 0,01% 0,02% 0,02% 0,02%
Tide, Wave & Ocean 0,08% 0,08% 0,08% 0,08% 0,08% 0,08% 0,08% 0,08% 0,07% 0,08% 0,08% 0,09% 0,09%
Wastes non-RES 0,29% 0,28% 0,32% 0,33% 0,39% 0,36% 0,38% 0,40% 0,38% 0,38% 0,39% 0,43% 0,44%
Other 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%

Table D - 2: Electricity grid generation mix evolution in previous years in Germany for each source
of energy considered in the Fleet Model.
Market Generation Mix

by Source Type 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Solid fossil fuels, peat and products, oil shale & oil sands 46,52% 45,45% 46,55% 43,12% 42,70% 41,69% 42,97% 44,14% 45,25% 43,85% 42,20% 40,44% 37,10%
of which hard coal 21,65% 21,69% 22,26% 19,52% 18,17% 18,56% 18,40% 18,54% 19,98% 18,95% 18,25% 17,34% 14,35%
of which brown coal 24,64% 23,53% 24,00% 23,31% 24,29% 22,91% 24,31% 25,33% 24,97% 24,64% 23,67% 22,85% 22,53%
Oil & petroleum products 1,94% 1,72% 1,57% 1,52% 1,70% 1,39% 1,17% 1,21% 1,13% 0,90% 0,96% 0,90% 0,85%
Natural gas & manufactured gas 13,50% 13,57% 14,22% 15,75% 14,98% 16,00% 15,90% 13,94% 12,49% 11,63% 11,55% 14,48% 15,12%
of which natural gas 11,95% 12,07% 12,47% 14,15% 13,84% 14,33% 14,28% 12,36% 10,79% 9,95% 9,77% 12,71% 13,45%
Nuclear 26,33% 26,31% 22,02% 23,27% 22,73% 22,29% 17,68% 15,84% 15,27% 15,52% 14,23% 13,08% 11,71%
Renewables & biofuels 11,19% 12,33% 14,92% 15,56% 16,93% 17,63% 21,22% 23,82% 24,83% 26,91% 29,96% 29,96% 34,10%
Hydro| 4,27% 4,21% 4,40% 4,15% 4,16% 4,34% 3,85% 4,44% 4,52% 4,07% 3,86% 4,04% 4,01%
Wind 4,40% 4,83% 6,22% 6,36% 6,51% 5,99% 8,00% 8,07% 8,12% 9,17% 12,28% 12,14% 16,21%
Solid biofuels & renewable wastes 1,68% 1,96% 2,03% 2,15% 2,33% 2,46% 2,63% 2,71% 2,68% 2,87% 2,60% 2,58% 2,55%
Biogases 0,62% 0,86% 1,64% 2,03% 2,53% 2,76% 3,47% 4,34% 4,59% 4,97% 5,13% 5,21% 5,20%
Liquid biofuels 0,02% 0,11% 0,15% 0,17% 0,29% 0,22% 0,06% 0,06% 0,04% 0,06% 0,07% 0,08% 0,07%
Solar 0,21% 0,35% 0,48% 0,69% 1,11% 1,86% 3,21% 4,20% 4,87% 5,76% 6,00% 5,89% 6,04%
Geothermal 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,01% 0,02% 0,02% 0,03% 0,02%
Tide, Wave & Ocean 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Wastes non-RES 0,53% 0,61% 0,71% 0,79% 0,95% 1,01% 1,05% 1,04% 1,03% 1,19% 1,09% 1,13% 1,12%
Other 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
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Table D - 3: Electricity grid generation mix evolution in previous years in the Netherlands for each

source of energy considered in the Fleet Model.
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Market Generation Mix

by Source Type 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Solid fossil fuels, peat and products, oil shale & oil sands 23,58% 24,05% 23,73% 21,86% 21,38% 18,96% 18,79% 23,49% 24,25% 28,57% 35,72% 31,91% 26,70%
of which hard coal 23,58% 24,05% 23,73% 21,86% 21,38% 18,96% 18,79% 23,49% 24,25% 28,57% 35,72% 31,91% 26,70%
of which brown coal 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Oil & petroleum products 2,27% 2,12% 2,11% 1,92% 1,31% 1,05% 1,24% 1,03% 1,19% 1,85% 1,21% 1,11% 1,01%
Natural gas & manufactured gas 61,23% 60,71% 61,49% 62,09% 62,70% 65,94% 63,98% 57,88% 58,12% 52,76% 45,48% 49,21% 53,06%
of which natural gas 57,80% 57,90% 58,11% 58,99% 60,65% 63,24% 61,04% 54,87% 55,24% 49,92% 42,89% 46,84% 50,71%
Nuclear 4,01% 3,52% 4,00% 3,88% 3,74% 3,33% 3,64% 3,80% 2,85% 3,96% 3,70% 3,44% 2,90%
Renewables & biofuels 7,47% 8,16% 7,22% 8,87% 9,54% 9,40% 10,82% 12,11% 11,93% 11,28% 12,41% 12,84% 14,88%
Hydro 0,09% 0,11% 0,10% 0,09% 0,09% 0,09% 0,05% 0,10% 0,11% 0,11% 0,08% 0,09% 0,05%
Wind 2,07% 2,77% 3,27% 3,97% 4,03% 3,35% 4,48% 4,83% 5,54% 5,62% 6,85% 7,10% 9,02%
Solid biofuels & renewable wastes 3,52% 3,19% 3,21% 3,70% 4,51% 5,00% 5,28% 6,01% 4,90% 3,88% 3,54% 3,40% 3,14%
Biogases 0,30% 0,37% 0,49% 0,68% 0,81% 0,86% 0,91% 0,98% 0,97% 0,97% 0,94% 0,86% 0,79%
Liquid biofuels 1,45% 1,68% 0,12% 0,40% 0,07% 0,05% 0,01% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Solar 0,04% 0,04% 0,04% 0,04% 0,04% 0,05% 0,09% 0,18% 0,40% 0,70% 1,01% 1,39% 1,88%
Geothermal 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Tide, Wave & Ocean| 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Wastes non-RES 1,43% 1,44% 1,44% 1,37% 1,33% 1,31% 1,52% 1,70% 1,67% 1,58% 1,48% 1,48% 1,44%
Other 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%

Table D - 4: Electricity grid generation mix evolution in previous years in Norway for each source of
energy considered in the Fleet Model.
Market ion Mix

by Source Type 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Solid fossil fuels, peat and products, oil shale & oil sands 0,10% 0,11% 0,10% 0,09% 0,07% 0,11% 0,11% 0,11% 0,11% 0,11% 0,10% 0,10% 0,09%
of which hard coal 0,10% 0,11% 0,10% 0,09% 0,07% 0,11% 0,11% 0,11% 0,11% 0,11% 0,10% 0,10% 0,09%
of which brown coal 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Oil & petroleum products 0,02% 0,02% 0,02% 0,02% 0,02% 0,03% 0,03% 0,02% 0,03% 0,02% 0,02% 0,02% 0,02%
Natural gas & manufactured gas 0,27% 0,39% 1,25% 2,06% 3,21% 3,94% 3,18% 1,78% 1,83% 1,84% 1,80% 1,74% 1,75%
of which natural gas| 0,27% 0,39% 1,25% 2,06% 3,21% 3,94% 3,18% 1,78% 1,83% 1,84% 1,80% 1,74% 1,75%
Nuclear 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Renewables & biofuels 99,55% 99,40% 98,55% 97,74% 96,61% 95,77% 96,51% 97,91% 97,72% 97,73% 97,75% 97,88% 97,87%
Hydro 98,98% 98,60% 97,67% 96,87% 95,73% 94,86% 95,30% 96,71% 96,17% 96,13% 95,98% 96,43% 95,93%
Wind| 0,36% 0,52% 0,65% 0,63% 0,74% 0,71% 1,01% 1,05% 1,41% 1,56% 1,74% 1,42% 1,91%
Solid biofuels & renewable wastes 0,21% 0,27% 0,24% 0,23% 0,13% 0,20% 0,20% 0,14% 0,14% 0,03% 0,03% 0,03% 0,03%
Biogases| 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Liquid biofuels| 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Solar| 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Geothermal 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Tide, Wave & Ocean 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Wastes non-RES 0,07% 0,08% 0,08% 0,09% 0,08% 0,16% 0,18% 0,17% 0,31% 0,30% 0,33% 0,26% 0,27%
Other 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
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Table D - 5: Electricity grid generation mix evolution in previous years in Spain for each source of
energy considered in the Fleet Model.

Ferran Clemente Rodrigo

2018 - 2019

Market G ion Mix

by Source Type 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Solid fossil fuels, peat and products, oil shale & oil sands 27,35% 22,31% 23,89% 15,54% 12,20% 8,41% 14,98% 18,52% 13,98% 15,72% 18,30% 13,26% 16,37%
of which hard coal 23,88% 19,47% 21,14% 14,48% 11,56% 7,98% 13,61% 17,50% 13,20% 14,66% 17,15% 12,59% 15,44%
of which brown coal 3,47% 2,84% 2,75% 1,06% 0,64% 0,43% 1,36% 1,02% 0,79% 1,05% 1,15% 0,67% 0,93%
0il & petroleum products 8,45% 7,97% 6,07% 5,74% 6,54% 5,50% 5,00% 5,15% 4,82% 5,07% 6,14% 6,16% 5,72%
Natural gas & manufactured gas 27,92% 30,69% 31,53% 38,94% 36,96% 31,80% 29,51% 24,96% 20,63% 17,49% 19,17% 19,60% 23,68%
of which natural gas 27,33% 30,28% 31,11% 38,54% 36,61% 31,47% 29,12% 24,65% 20,14% 16,96% 18,70% 19,23% 23,23%
Nuclear 19,90% 20,10% 18,08% 18,81% 17,93% 20,57% 19,65% 20,67% 19,86% 20,56% 20,38% 21,35% 21,06%
Renewables & biofuels 16,22% 18,73% 20,18% 20,71% 26,11% 33,51% 30,59% 30,46% 40,47% 40,92% 35,74% 39,36% 32,90%
Hydro| 7,96% 9,97% 10,02% 8,34% 9,91% 15,10% 11,21% 8,12% 14,37% 15,42% 11,18% 14,51% 7,64%
Wind 7,32% 7,79% 9,05% 10,51% 12,95% 14,69% 14,61% 16,64% 19,48% 18,66% 17,57% 17,81% 17,82%
Solid biofuels & renewable wastes 0,70% 0,73% 0,75% 0,85% 1,01% 1,05% 1,30% 1,38% 1,69% 1,62% 1,70% 1,74% 1,86%
Biogases 0,22% 0,20% 0,20% 0,19% 0,18% 0,28% 0,27% 0,29% 0,34% 0,33% 0,35% 0,33% 0,34%
Liquid biofuels 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Solar| 0,02% 0,04% 0,17% 0,82% 2,06% 2,38% 3,20% 4,02% 4,58% 4,90% 4,94% 4,97% 5,22%
Geothermal 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Tide, Wave & Ocean 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Wastes non-RES 0,16% 0,20% 0,24% 0,25% 0,26% 0,22% 0,27% 0,24% 0,24% 0,25% 0,27% 0,27% 0,28%
Other 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%

Table D - 6: Electricity grid generation mix evolution in previous years in the United Kingdom for
each source of energy considered in the Fleet Model.
Market Generation Mix

by Source Type 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Solid fossil fuels, peat and products, oil shale & oil sands 33,80% 37,47% 34,26% 31,98% 27,35% 28,16% 29,47% 39,24% 36,36% 29,65% 22,39% 9,04% 6,66%
of which hard coal 33,80% 37,47% 34,26% 31,98% 27,35% 28,16% 29,47% 39,24% 36,36% 29,65% 22,39% 9,04% 6,66%
of which brown coal 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Oil & petroleum products 1,34% 1,55% 1,27% 1,73% 1,59% 1,26% 0,85% 0,79% 0,58% 0,57% 0,60% 0,56% 0,48%
Natural gas & manufactured gas 38,74% 35,86% 42,17% 45,67% 44,57% 46,27% 40,08% 27,88% 27,15% 30,26% 29,79% 42,48% 40,64%
of which natural gas 38,32% 35,45% 41,78% 45,31% 44,19% 45,97% 39,81% 27,53% 26,75% 29,84% 29,47% 42,25% 40,42%
Nuclear 20,49% 18,99% 15,88% 13,50% 18,34% 16,26% 18,75% 19,35% 19,71% 18,85% 20,76% 21,14% 20,79%
Renewables & biofuels 4,99% 5,53% 5,93% 6,67% 7,68% 7,68% 10,36% 12,15% 15,66% 19,94% 25,41% 25,37% 30,21%
Hydro| 1,97% 2,13% 2,25% 2,37% 2,37% 1,76% 2,34% 2,27% 2,12% 2,59% 2,67% 2,46% 2,60%
Wind 0,73% 1,06% 1,33% 1,83% 2,46% 2,69% 4,34% 5,45% 7,93% 9,45% 11,88% 10,98% 14,78%
Solid biofuels & renewable wastes 1,09% 1,11% 1,04% 1,11% 1,37% 1,62% 1,90% 2,28% 3,19% 4,65% 6,49% 6,58% 7,14%
Biogases 1,20% 1,23% 1,31% 1,35% 1,48% 1,59% 1,72% 1,77% 1,86% 2,04% 2,14% 2,28% 2,28%
Liquid biofuels| 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Solar| 0,00% 0,00% 0,00% 0,00% 0,01% 0,01% 0,07% 0,37% 0,56% 1,20% 2,22% 3,07% 3,41%
Geothermal 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Tide, Wave & Ocean 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
Wastes non-RES 0,64% 0,60% 0,48% 0,46% 0,47% 0,37% 0,49% 0,58% 0,55% 0,74% 1,05% 1,42% 1,23%
Other 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
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France - Average electricity grid Carbon Intensities evolution for different improvement trends
in gCO2eq / MJ
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Figure D - 1: Future electricity gird tendencies for France. Average Carbon Intensity evolution in gCO2eq / MJ.

Germany - Average electricity grid Carbon Intensities evolution for different improvement
trends in gCO2eq / MJ
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Figure D - 2: Future electricity gird tendencies for Germany. Average Carbon Intensity evolution in gCO2eq / MJ.
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The Netherlands - Average electricity grid Carbon Intensities evolution for different
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Figure D - 3: Future electricity gird tendencies for the Netherlands. Average Carbon Intensity evolution in gCO2eq /
MJ.
Norway - Average electricity grid Carbon Intensities evolution for different improvement
trends in gCO2eq / MJ
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Figure D - 4: Future electricity gird tendencies for Norway. Average Carbon Intensity evolution in gCO2eq / MJ.
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Figure D - 5: Future electricity gird tendencies for Spain. Average Carbon Intensity evolution in gCO2eq / MJ.
The United Kingdom - Average electricity grid Carbon Intensities evolution for different
improvement trends in gCO2eq / MJ
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Figure D - 6: Future electricity gird tendencies for the United Kingdom. Average Carbon Intensity evolution in
gCO2eq / MJ.
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