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Executive summary

A. Context

The European 20-20-20 objective aims at reducing greenhouse gases by 20 %,
increasing the share of energy from renewable sources by 20%, as well as achieving
an overall increase of 20 % in energy efficiency by the year 2020. Meeting this objective
will not be straightforward; several studies predict even an increase in energy
consumption for the coming years. A shift to a more rational energy use is essential in
attaining these objectives. This transition must be supported by the demand side of the
economy. Therefore this project aims at households and how to achieve a decline in
their energy consumption. Consumers are generally in favor of ecologically friendly
transformations regarding energy usage and production, but their environmental
consciousness is not translated in adapted consumption patterns and behavior.
Therefore it is necessary to better understand the factors that influence household
energy consumption and to formulate driving forces to shift existing barriers (social,
cultural, technological, economic, legislative and political). The scope of the
investigation is the personal mobility part of the household energy consumption. To
introduce 20% of renewable energy in 2020, storage is considered as an essential
element to absorb the green energy when it is produced without overloading the
network. If the charging periods of the electrified cars can be controlled, they can be
transformed into flexible consumers in the distribution grid. This would help both
politicians as well as the energy distribution companies. In the European
Competitiveness Report, the energy market liberalization is one of the most important
drivers of competitiveness while their innovation focus moves towards cost-reducing
technologies and consumer services. Electric vehicles (EVs) and plug-in hybrid vehicles
(PHEVs) are seen as a core part of this innovation. Recently, EV and PHEV are
receiving a tremendous interest from consumers, car manufactures, politicians and
energy companies, who are now finding themselves ready to be a part of the
introduction of these types of cars. So it seems that a transition of the whole mobility
concept is about to happen in favor of an electrified propulsion system. But are we
ready for this change? Which actions can be taken to facilitate this transition and which
ones to make this change even more beneficial? How can policy steer households in an
energy efficient way?

B. Objectives

The main objective of the Trans2House project is to investigate how to develop driving
forces and shift the social, cultural, technological, economic and political barriers to
household energy consumption reduction. The focus is on personal transport, as a part

SSD- Science for a Sustainabl®evelopment DEnergy 9
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of the household. Public transportation, electric scooters and bicycles however fall out
of the scope of this project. This study also aims at assessing the transition towards
EVs and PHEVs for Belgium and its regions, while having a critical eye on their impact
on the sustainability goals as defined in the EU 20-20-20 objective. It considers also the
budgetary impact on households, the impact on employment and related economic
issues like the competitiveness of Belgium. Due to the higher energy efficiency, a
reduction in fuel consumption is expected when introducing electrified transport. This
will result in a decrease in fuel expenses for households. Whether the fuel saving leads
to less CO, emissions strongly depends on the way the extra electricity need will be
produced. The electrified vehicles can extend the green energy production by being
flexible consumers if their charge moments are controlled. Other emissions as NOy and
small particles are in all cases diminishing and in addition no pollutants are emitted
where the vehicles are driving. These considerations have been explored in this project
and transformed to the Belgian situation.

C. Main conclusions/recommendations

The technical implications of the roll-out of electric vehicles in Belgium have been
assessed. In a distribution grid with a low amount of electrical vehicles to be charged,
the impact on the local grid of the electrical vehicles is rather low and probably non-
problematic. In distribution grids where the density of electrical vehicles is relatively
large, the main problems that will occur are: an increased peak power through the
distribution transformers and distribution feeders, an increased voltage drop over the
feeders and an increased unbalance in the three-phase system.

For the purpose of evaluating various powertrain types in terms of environmental impact
and primary energy consumption over their entire life time, life cycle assessment (LCA)
I's being wused. Different scenarios for
been compared with conventional and alternative vehicles. When combining all
environmental impacts in one single score, BEVs powered with wind power and
hydropower and the Belgian electricity mix have the lowest effects.

A total cost of ownership (TCO) has been conducted in order to investigate the financial
attractiveness of electric vehicles (battery electric and plug-in hybrid electric) compared
to conventional petrol, diesel, LPG and CNG cars. We found that for city cars, the
higher purchase costs for EVs entail a large difference in TCO compared to the
conventional cars. Even though the fuel operating costs are much lower, they cannot
outweigh the high purchase costs. Within the medium car segment, the difference
between the conventional and the electric vehicles is lower. This seems to be due to the
fact that their purchase costs are closer to those of the conventional cars. In general,

SSD- Science for a Sustainabl®evelopment DEnergy 10
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the purchase cost of electric vehicles is highly linked to the size of the battery pack, and
not to the size of the electric vehicle.

Given the fact that EVs have some positive characteristics (low driving cost, high
environment al performanceé) as well as some
l imited driving rangeé), todayb6sdéb consumers
vehicle. The investigation of the purchasing behavior underlines the importance of

knowledge within the purchasing process. The gathering of this knowledge is regarded

as very important, especially for new products that are relatively unknown for the

current consumers. Al so, the role of group influence o
not be neglected.

Countering the limited driving range for BEVs, on average between 100-150km, we
investigated with a travel behavior assessment, the average daily mileage and the
average mileage per trip, based on travel data from Onderzoek Verplaatsingsgedrag
Vlaanderen (OVG4.2). We found that 65% of the average travelled distance per day by
car is lower than 40 kilometers, while only 6% of all the car trips, made by Flemish
people, is longer than 40 kilometers. This means that almost 94% of Flemish citizens
use a car for trips of less than 40 km. This illustrates that electric vehicles are already
suitable for a large amount of travel decisions.

The final step of this project consisted of elaborating a set of policy measures fitting into
the different transition pathways. These measures can be used by policy makers in
order to facilitate the specific transition pathway towards electric vehicles. The
arrangement of the set of policy measures was done in a qualitative way, just as the
estimation of their budgetary, economic, employment, social and environmental
impacts. We distinguished between two types of policy measures: quick-win initiatives
and tailor-made measures. The former category is not a priori linked to any specific
transition pathway. Such quick-win measures are relatively easy to implement, and will
probably constitute an important factor to a successful breakthrough of electromobility.
The stakeholders agreed on the fact that both the transformation pathway (which can
be considered as the baseline) and the de- and re-alignment scenario should not be
supported.

D. Contribution of the project in a context of scientific support to a
sustainable development policy

The Trans2House project and the introduction of (PH)EVs can stimulate the
development of the scientific potential in different strategic areas:

e anticipating on the future needed scientific and technological knowledge
(concerning smart grids, (PH)EVs and renewable energy sources);

SSD- Science for a Sustainabl®evelopment DEnergy 11
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scientific support for authorities required to meet local, regional, federal or
international goals in the field of emission control and energy savings, such as
t he 0 EICe i gnpactkage approved by the European Council in December
2008. The results of the project will help to investigate the possibilities for
meeting different targets;

a Belgian research potential to be involved in various European and international
research initiatives, addressing the roll-out of EVs and the development of smart
grids. All the developed models and databases have the possibility to be
adapted or extended to different countries;

help to introduce, develop and promote a more sustainable personal
transportation system.

Practically the project will contribute to the development of scientific knowledge and
instruments:

the development of databases with technical and environmental parameters for
different types of (PH)EVs and conventional vehicles;

the development of environmental indicators to evaluate the overall
environmental performance of different types of (PH)EVs;

an energetic well-to-wheel assessment of (PH)EVs to analyze their contribution
to the possible decrease of household energy consumption;

understanding the driving forces which can stimulate households as an
important part of the demand side;

models to compare the costs of different energy vectors (fossil fuels, nuclear
fuels,

renewable energy sources, electricity, hydrogen...) for the transport sector,
taking into account not only the private costs but also a series of external costs
such as environmentali mpacts throughout a prod
price volatility associated, while bearing in mind that costs may vary in time:
some energies that are more expensive in the short term may turn out to be
cheaper in the long term;

scenarios to forecast the influence of the Belgian supply mix on the overall
energy efficiency of households and the environmental benefits of more
renewable energy sources;

a Multi-Actor Multi-Criteria Analysis (MAMCA) will evaluate transition pathways
and policy measures on their efficiency, feasibility and acceptability. The role

SSD- Science for a Sustainabl®evelopment DEnergy 12
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which public authorities can play in terms of energy choices and clean transport
technologies will be analyzed.

E. Keywords

(Plug-in Hybrid) Electric Vehicles, households, transport, electricity network, smart grid,
charging infrastructure, energy, environment, transition pathways, Life Cycle Cost
analysis, Life Cycle Assessment, barriers, purchase behavior, travel behavior, MAMCA,

stakeholder validation
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1. Introduction

1.1 Context

Consumers generally support ecologically friendly transformations regarding energy
usage and production, but their environmental consciousness is not translated in
adapted consumption patterns and behavior. Therefore it is necessary to better
understand the factors that influence household energy consumption and to formulate
driving forces to shift existing barriers (social, cultural, technological, economic,
legislative and political). Recently, electric vehicles (EV) and plug-in hybrid vehicles
(PHEV) are receiving a tremendous interest from consumers, car manufactures,
politicians and energy companies, who are now finding themselves ready to be part of
the introduction of these types of vehicles. The push from political side can be explained
in several ways. A private car consumes about the same amount of energy as the
electricity needed for a private house. Due to the higher efficiency of an EV and a
PHEV compared to traditional cars and due to the stationary production of electricity in
power plants, these cars can be much cleaner than the traditional ones and may be
cheaper in use for households. EVs and PHEVs may play a substantial role in the
energy reduction and greenhouse gas emission goals of the 20-20-20 objective. These
are important political aspects. Politics also push the EVs and PHEVs forward to save
the European car industry, supporting the European strategy for growth and jobs
according to the Lisbon policies. For electricity companies, EVs promise an increased
electricity demand and many of them are eager to install the charging infrastructure to
exploit the EV as quickly as possible. EVs also introduce electric storage in the grid,
which is a new concept to be exploited at low voltage distribution level. To introduce
20% renewable energy in 2020, storage is considered as an essential element to
absorb the green energy when it is produced without overloading the network.
Renewable energy, such as wind power, is often not produced when it is needed. If the
charging periods of the electrified cars can be controlled, they can be transformed into
flexible consumers in the distribution grid. This would help both politics and the energy
distribution companies. In the European Competitiveness Report of the European
Commission, the energy market liberalization is one of the most important drivers of
competitiveness while their innovation focus moves towards cost-reducing technologies
and consumer services. EVs and PHEVs are seen as a core part of this innovation.

So it seems that a transition of the whole mobility concept is about to happen in favor of
an electrified propulsion system. But are we ready for this change? Which actions can
be taken to facilitate this transition and which ones to make this change even more
beneficial? From an energy demand viewpoint, the introduction of EVs will raise the

SSD- Science for a Sustainabl®evelopment DEnergy 15
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electricity demand only by a few percent. On the other hand, if all EVs are recharged at
the same moment, the electric grid will be overloaded. The introduction of
environmentally friendly cars, such as EVs and PHEVs will need the introduction of a
smart grid, which knows when to charge the batteries of the individual vehicle. The
introduction of a smart grid is an opportunity to make the power grid more reliable and
efficient.

1.2 Objectives

The main objective is to investigate how to develop driving forces and shift the social,
cultural, technological, economic and political barriers to household energy
consumption reduction. The focus is on personal transport, as a part of the household.
Public transportation, electric scooters and bicycles are beyond the scope of this
project.

This study also aims at assessing the transition towards EVs and PHEVs for Belgium
and its regions, while having a critical eye on their impact on the sustainability goals as
defined in the EU 20-20-20 objective. It also considers the budgetary impact on
households, the impact on employment and related economic issues like the
competitiveness of Belgium.

Due to the higher energy efficiency, a reduction in fuel consumption is expected when
introducing electrified transport. This will result in a decrease in fuel expenses for
households. Whether the fuel saving lead to less CO, emissions, strongly depends on
the way the extra electricity need will be produced. The electrified vehicles can extend
the green energy production by being flexible consumers if their charging moments are
controlled. Other emissions as NO, and small particles are in all cases diminishing and
in addition no pollutants are emitted where the vehicles are driving.

These considerations have been explored in this project and transformed to the Belgian
situation.

1.3 Methodology

To achieve these objectives, a multidisciplinary approach has been used, in which the
different tasks are performed by the different partners.

On the basis of a | iter at-af-theea rrteov i leavs Iae epnr ed
out on different topics, more specifically on :
¢ the Belgian electricity network,

' A Belgian fleet containing 10% EVs means more or less 500.000 EVs on the roads (assuming that tiese
total of 5 million Belgian vehicles). The totalelectricity consumption is 110 GWh (220wWh/km x 10.000
km/year x 500.000 EVs), which is only 1,375% of the total annual electricity consumption in Belgium.

SSD- Science for a Sustainabl®evelopment DEnergy 16



Project SD/EN/10A- Transition Pathways toHficient (Hectrified) Transport forHouseholds (TRANS2HOUSE)

e experiences of previous (PH)EV deployment projects with focus on
infrastructure,

e technological development of (PH)EVs and their relevant components,

e energy use and sustainability indicators of (PH)EVs and conventional vehicles
(e.g. oil dependency, renewable energy, greenhouse gases and
environmental impact)

e overview of transition pathways in past and ongoing initiatives

e transport and mobility related incentives for the use of (PH)EVs in households

During the second phase, the core of the project, the different impacts of the roll-out of
EVs and PHEVs have been assessed. The impacts on the electricity grid and on
households have been examined from a technological, environmental, economic and
social point of view.

First an impact study of the roll-out of (PH)EVs in Belgium on the existing electricity grid
has been performed from the perspective of the production and distribution side (up to
the household plug). What are the basic requirements of the electricity grid to support a
first introduction of (PH)EVs in Belgian households? Different aspects have been
considered, like charging concepts, standardization, safety, infrastructure cost, energy
management, billing scenarios, communication, end user interaction, etc. To improve
energy efficiency in households, the local electricity network should be made more
intelligent (Asmart gridso). Therefore
installation of local, renewable energy production systems, like PV and pCHP. The
introduction of a huge amount of such distributed energy resources (DER) will have a
major impact on the electricity grid if too much power goes back into the net. By
combining the local production and demand in an intelligent way further cost savings
can be established. An overview of the basic set of tools needed to match local power
and demand on household level has been made up.

Due to the higher energy efficiency, a reduction in energy consumption is expected
when driving (PH)EVs. A well-to-wheel (WtW) energy analysis can be used to analyze
the energy consumption of different vehicles. Such an analysis considers both direct (or
tank-to-wheel) and indirect (or well-to-tank) energy use (energy consumption during the
production and distribution of the fuel or electricity). The WitW approach allows a
consistent comparison of vehicles using different fuels (petrol, diesel, liquefied
petroleum gas, compressed natural gas, bio-fuels, etc.) and/or different drive train
technologies (internal combustion engines, hybrid electric drive trains, battery electric
drive trains, fuel cell electric drive trains, etc.). Direct energy consumption is linked to
the use of a vehicle. (PH)EVs have, in general, lower energy consumption due to the
high energy efficiency of an electric motor in comparison with a combustion engine.

SSD- Science for a Sustainabl®evelopment DEnergy 17
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In the case of vehicles operating with an internal combustion engine, the indirect energy
consumption is related to the extraction and transportation of the raw materials for the
fuel production, together with the energy linked to refining and distributing the carburant.
When considering the use of (PH)EVSs, the indirect energy is the energy consumption
related to electricity generation and distribution. Energy efficiency of (PH)EVs also
depends on the way the extra electricity need is produced on the charging moment.
Therefore the Belgian supply mix has been investigated on a certain moment. With the
introduction of smart grids, electrified vehicles can extend the green energy production
by being flexible consumers. The environmental impact of (PH)EVs has been analyzed
using the Life Cycle Assessment (LCA) methodology, which is a standardized
methodology (Consoli et al., 1993; 1SO14040, 1997). LCA has already been applied
several times in the context of road vehicles (see (Davison, 1999; Nicolay et al., 2000;
Chainet, 1999) in particular). The results and models of the CLEVER project (Van
Mierlo et al., 2011) have been adapted and extended for this purpose. Besides the well-
to-wheel emissions, the LCA also includes cradle-to-grave emissions (related directly
and indirectly to vehicle production and end-of-life processing of the vehicle). The
environmental data gathered have been converted and allocated to a set of indicators
for pollutants and waste loading in the following life cycle impact analysis. Retained
classes are acidification, eutrophication, greenhouse gases, chemical toxicity indicators,
depletion of the ozone layer, consumption of renewable and non-renewable energy,
waste production and land-use. The effects of the emissions are weighted and
guantified within each impact category. The total effect for each effect category is
obtained by multiplying the inventory interventions by the respective characterization
factors (e.g. zinc equivalents, CO, equivalents, etc.).

A Total Cost of Ownership (TCO) analysis is used to determine the cost per kilometer
for the lifecycle of the car, a method also described as a Life Cycle Cost analysis. All
the anticipated costs associated with the purchase and the use of a car are included in
this analysis. By making the real cost per kilometer visible, it can give households an
insight in their vehicle expenses over time. The TCO has been calculated for vehicles
with conventional fuels (e.g. diesel, gasoline), alternative fuels (e.g. LPG, CNG) and
alternative propulsion systems (battery electric vehicles and plug-in hybrids). As such,
an indication of the cost-efficiency of electric vehicles compared to other vehicle
technologies can be given, taking into account different electricity prices. In order to
better understand the importance of the environmental friendliness in the purchase
decision of consumers, insights will be gained from data available from the CLEVER
project (Van Mierlo et al., 2011).In the frame of this project, a large scale survey has
been performed including questions on the willingness to pay for environmental
friendliness, household income, number of cars in the household etc. As such, it is
possible to identify which types of households display a preference for environmentally
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friendly vehicles and for which households electric vehicles can become an interesting
option.

Consequently, it has been investigated whether the limited driving range and longer
recharging times of electric vehicles would really represent barriers for considering
electric vehicles in daily travel decisions. The focal point is to analyze the current travel
behavior of conventional car use and to examine the practical feasibility of including the
use of electric cars in daily travel decisions. The analysis of the current travel behavior
has been performed on data available from OVG4.2 (OVG, 2011). Based on this
information, different types of traveler groups could be identified, characterized by
certain travel behaviors. For each of these travel clusters, it has been subsequently
identified to what extent the use of an electric car can be proposed as a feasible
alternative for the use of a conventional car. Also a qualitative study has been
performed on social barriers, incentives, driving forces and stimulations relative to the
use of EVs by households in Belgium. This study has been based on the
comprehensive study of energy and transport related behavior of households qualified
as forerunners in the related fields. Those forerunners have been interviewed on their
experience of change and on their expectancies and potential projects related to the
use of EVs. The results of those interviews allowed to identify barriers (social and
financial), potential incentives, the driving process of changes while comparing the new
change (moving to EVs) and an already lived through process of important change. The
initial resistance towards new technologies needs to be overcome, the refilling/charging
infrastructure needs to be built, the new technologies need to be tested in real life
conditions, etc. The (PH)EV are a fine example of a valuable technology that has the
potenti al to become a 6échicken or eggbd
the different aspects can offer a solution. This integrated approach can be covered by
transition pathways, which comprise the different steps needed in the process towards
electrified transport for households.

Since (PH)EVs have typical limitations but also offer specific benefits, it is imaginable
that these vehicles will not be applied in the same manner as the classical fossil fuel
vehicles. Several smaller EVs being shared by communities for short distance trips

probl

(cities, shopping,é ) , a few PHEVs with significantly |

occasional long distance holiday trips, etc. Transition pathways have been developed
towards these new mobility concepts and thus stimulating the roll-out of (PH)EVS.
Typical transition elements are part of the pathways, such as definition of experiments
and demonstration projects needed to facilitate the transition, definition of milestones,
stakeholder consultation, etc. These pathways have been adapted to the typically
Belgian situation and based upon a range of input sources already realized in previous
tasks of the project. An additional survey has been performed to provide extra input,
consulting key stakeholders. This has provided relevant information of the current and
future key players on the Belgian market (car manufacturers, electricity production and
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distribution, bu t also | ease companies, cities,
their point of view, what is realistic, which are the barriers that need to be overcome,
etc. The developed preliminary transition pathways have been validated by a multi-
stakeholder process. The preliminary results of the transition process have been
presented to different actors in the field and target groups in Belgium, to ensure
efficiency, feasibility, acceptability, etc. of the elements in the pathways. The
participants of the stakeholder meetings have been able to present their views on the
proposed transition elements and the process as a whole. The most appropriate
method that enables the integration of the results and that allows for an assessment of
several transition pathways is the Multi-Actor Multi-Criteria Analysis (MAMCA),
developed by the department MOSI-T (Macharis, 2000; Macharis & Boel, 2004). The
MAMCA explicitly includes the stakehol
policy measures. As such, the MAMCA is able to support the decision maker in his final
decision as the inclusion of the different points of view leads to a general prioritization of
proposed policy measures. The results of the multi-stakeholder validation were then
taken into account to define a final set of transition pathways. Specific attention has
been attributed to the distillation of a number of policy measures dedicated to the
stimulation of the transition process towards an electrified transport for households. This
set of new and adequate policies has been designed to affect household energy
consumption used for transport in a positive way. Also their budgetary, employment,
social, environmental and economic impacts have been highlighted. This final set
contains measures to be taken on a short, medium and long term, and is also
compared with the way the same issues are handled in neighboring countries.
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2. Impact analysis on the electricity grid

2.1 Impact on the distribution grid

To charge the battery of an electric vehicle, it will be connected to a low voltage
distribution grid. Generally speaking, the distribution grid is designed so that the power
rating of the grid infrastructure is larger than the maximal expected peak power
demand, in order to take into account a future increase in power demand. So the
introduction of a small number of electrical vehicles within one neighborhood will not
immediately lead to problems with the distribution grid infrastructure. However, as the
number of electrical cars increases, it is more likely that certain problems will occur: an
increased peak power through the distribution transformer, an increased voltage drop
over the feeders and an increased unbalance. Electric vehicles are being charged at a
relatively high power level compared to most electrical devices in a household, and for
a relatively long period. Since most owners of an electric vehicle require that their car
charges overnight to be fully charged in the morning and most electric vehicles are
possibly plugged-in at approximately the same time in the evening, a large peak load
occurs on the grid in the evening. In addition to this, the peak load from the electric
vehicles might coincide with the traditionally present residential evening peak power
demand.
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Figure 1: Power through the transformer, accumulated load of the households, and the accumulated
load of the electric vehicles for the example scenario.

When the power peak exceeds the rating of the transformer, infrastructure investments
have to be done in order to be able to accommodate the charging of the electrical
vehicles. The occurrence of an exceeding power peak will happen more often in

SSD- Science for a Sustainabl®evelopment DEnergy 21



Project SD/EN/10A- Transition Pathways toHficient (Hectrified) Transport forHouseholds (TRANS2HOUSE)

neighborhoods with a high penetration of electric vehicles, and in dense distribution
grids, where the occurring power peak through the distribution transformers is already
close to the maximum. A distribution feeder is mainly resistive, so when a load is
connected to the distribution grid, the power flow causes a voltage drop over the feeder.
Standard EN50160 stipulates that the voltage on a distribution feeder should be
between 230/400 V = 10%. In order to make sure that this condition is met, the length
of a distribution feeder as well as the amount of houses connected to the same feeder
is limited. When a lot of electric vehicles are being charged at the same time, the
voltage drop over the distribution feeder increases. The possibility exists that the grid
voltage drops below the limit set by the standard at the peak load moments. An
increased voltage drop is more likely to occur in distribution grids with relatively long
feeders (e.g. in rural areas), or feeders with a lower cross-section and thus a higher
resistivity (e.g. overhead lines instead of cables).
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Figure 2: Voltage drop at the end of a feeder when electrical vehicles are present.

In Belgium, the electrical grid is set up as a three-phase system. A lot of households
have a single-phase connection, and by making sure that every phase is practically
equally loaded, the three-phase distribution system is balanced. In a perfectly balanced
three-phase system, no current flows through the neutral of the system. In residential
areas it is possible that the electrical vehicles will be connected with a high-power
dedicated single-phase connection. The high-power single-phase connections might
provoke an increased unbalance on the distribution feeders. This unbalance causes
large current flows in the neutral of the three-phase system, and consequently causes
shifting of the neutral point. The neutral point shifting provokes an unbalanced voltage
between the three phases of the system, and for example a voltage drop is further
increased by the unbalance in the system, as is illustrated in Figure 3.
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Balanced system Unbalanced system

Figure 3: Neutral reference point shifting in an unbalanced three-phase system.

2.2 Impact on the transmission net

With a high penetration ratio of EVs (> 20%) problems might occur with the
transmission net. Firstly, the load on the grid increases mostly in the 70 kV and 150 kV
transmission voltage levels. Because of the increased grid-load, some grid elements
will be overloaded. Overloaded grid elements are especially found in areas where the
grid elements are now already relatively highly loaded, without the charging of electric
vehicles. These grid elements are mainly found in areas with a relatively high
population and little industry. A second problem that occurs when the electric vehicles
are charged, is found in the n i 1 safety rule. (N-1)-safety means that any single
element in the power system may fail without causing a succession of other failures,
leading to a total system collapse. Together with avoiding constant overloading of grid
elements, (N-1)-safety is a main concern for the grid operator. A lot of grid elements
only transport a relatively low amount of energy in normal conditions, however, when a
grid-problem occurs, such as the fall out of a line, transformer or generator, these lines
have to be able to withstand a higher loading, in order to maintain a stable transmission
grid all over Belgium. This n-1 safety rule cannot be met in some areas when electric
vehicles need to be charged.

2.3 Impact on Electricity production

The electrical energy the electric vehicles will be charged with, needs to be generated
somewhere, and the introduction of electric vehicles will thus lead to an increase of the
electricity consumption. In Clement 2007 is stated that the total energy consumption in
Belgium will increase by 5.1% by 2030 (iThe Consumption of Electrical Energy of Plug-
in Hybrid Electric Vehicles in Belgiumg Clement 2007), under the assumption that 30%
of all cars are electric vehicles by then. The electricity production in Belgium is
generated by a mix of different types of power plants using different types of fuel:
nuclear, coal, natural gas, liquid fuel, water (pumped), wind, other (biomass,
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photovoltaic, € ) . Obviously the endetemsine ahe sgainoirf
emissions when replacing internal combustion engine vehicles with electric vehicles.
Coal-fired plants will disappear in the coming years to reduce emissions by the energy
sector. Liquid fuel plants are often peak power plants. These plants are designed for a
relatively short run time to produce peaks in power. It is likely that these peak power
plants will be activated more frequently when higher penetration ratios of electric
vehicles are reached. They have a significantly higher operating cost, than other power
plants, and have higher emissions than gas fired plants. The use of these peaking
plants has to be avoided when charging electrical vehicles.

2.4 Smart Grid solutions

Electric vehicles are typically connected to the grid for a relatively long period (e.g.
during the night at home, or during the whole day at work), but the vehicles need a
smaller period of that time to be charged (if they are connected to the grid every day). In
most cases, the electric vehicles do not need to be charged at the exact instant when
they are plugged-in. So, for most users, shifting or postponing the charging does not
imply a lower comfort. By introducing a control and communication system that
coordinates the charging, through postponing and/or pausing the charging of the
vehicles in a coordinated way, a lot of grid issues can be solved. A control system can
be worked out that makes sure that the car charging at home does not happen when a
lot of power is used for other appliances. This control system can make sure that the
car only charges at off-peak hours. The control system can be expanded to a system
that coordinates the charging of all vehicles in the same distribution or even
transmission grid, in order to make sure that the impact of the charging of all cars on the
grid is minimized. By implementing such a control system, it is theoretically possible to
avoid most of the otherwise occurring power peaks, unwanted voltage drops, and grid
unbalances. Initiatives to incorporate the charging of electric vehicles into the existing
regulation of electricity infrastructure and markets are needed. The question now rises
whether it is legal to install public or private charging poles within the current legal
framework.

2.5 Grid regulatory issues
Several situations are possible when installing public electric vehicle charging poles.

1. The distribution system operator expands the public distribution grid, and
provides one point of connection for each charging pole. In this case, the charging
poles are no different from other points of connection: each charging pole has its own
supplier of electricity. From the point of view of the distribution system operators, this is
the best option: the supply and billing of the electricity is very transparent and practically
nothing changes with respect to the current situation.
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2. The charging poles do not have their own connection with the public grid, but
several poles are supplied through the same point of connection with the grid, this
single point of connection has its own supplier of electricity. This situation creates a
private distribution grid. An important issue herein is that generally speaking, private
distribution grids, i.e. grids that are not exploited by an official distribution system
operator, are forbidden in Europe. It is thus also forbidden by the regulators to resell
energy.

Some distribution systems are private grids anyhow, such as certain industrial sites,
large shopping centers, holiday parks, etc. In these situations it is not opportune or
simply not cost efficient to have one point of connection for each electricity user. In
thesecases,t he reselling of energy fits in a
of electricity is only a minor part of the total amount of services offered.

The question is whether in this case the provision of electrical energy through the car
charging poles fits in a wider provision of services. For example, in this case it is strictly
not legally allowed to sell electricity by the kWh, because the selling of electricity must
only be a small part of the provided services. In some cases (e.g. companies that offer
parking spaces to their employees etc.) this is a viable option, however, in a public car
charging station, this is not so clear.

For the public charging stations a policy of tolerance is carried out by the regulators. It is
assumed that for as long the charging infrastructure is depreciated the price for
charging will reflect much more then only the provided energy. In order to recover the
initial investment cost for the charging infrastructure, it is stated that it concerns an
admissible form of a private network, in the context of a broader provision of services.

3. l nstead of having one o6fixedd suppl
also possible that each car owner charges its car through their own electricity supplier.
In that case, one single point of connection must be able to have multiple suppliers of
electricity. The distribution system operators are not quite eager on this idea, because
this system is very different and much more complex than the system is today. Possible
barriers associated with this model and which must be addressed in the long term are
inter alia the interoperability and the serious communication requirements.
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3. Impact analysis on households

3.1 Impact on energy use and environment

VUB-ETEC calculated the impact that a (PH)EV has on energy use. Due to the higher
energy efficiency of electrified vehicles, a reduction in energy consumption is expected
when driving (PH)EVs. First the energy consumption of different vehicles is assessed
on a well-to-wheel (WtW) basis. A well-to-wheel analysis makes a consistent
comparison between different types of vehicles possible. A well-to-wheel energy
analysis considers both direct (tank-to-wheel) and indirect (well-to-tank) energy use
(energy consumption during the production and distribution of the fuel or electricity).
The well-to-wheel approach allows a consistent comparison of vehicles using different
fuels (petrol, diesel, liquefied petroleum gas and compressed natural gas) and/or
different drive train technologies (internal combustion engines, hybrid electric drive
trains and battery electric drive trains). The impact on environment of (PH)EVS is
investigated. The environmental impacts of (PH)EVs are analyzed with the Life Cycle
Assessment (LCA) methodology. Next to the well-to-wheel emissions, the LCA includes
cradle-to-grave emissions (related directly and indirectly to vehicle production and end-
of-life processing of the vehicle). In order to create a methodological framework for the
practice of LCA on one hand and to ensure that all requirements of the methodologies
are met, the International Standardization Organization (ISO) has published two
standards, namely, the 1ISO 14040 (ISO 14040, 2006) and the 1SO 14044 (1ISO 14044:-,
2006). The LCA framework from (UNEP, 2011) is used to perform the LCA task in the
TRANS2HOUSE project. This framework holds several subtasks (goal and scope
definition, Life Cycle Inventory, Life Cycle Impact Assessment and interpretation of the
result).

3.1.1 Goal and scope definition: Defining LCA objectives and functional
unit
The intended purpose of TRANSHOUSE is to analyze the environmental performance
of (Plug-in Hybrid) Electric Vehicles, (PH)EVs, in a Belgian context and to benchmark
these vehicles with conventional vehicles in order to provide policy makers with
recommendations to promote transition towards BEV and PHEV for Belgium. The
assessment covers following aspects:

e The comparison of the WTW energy performance of (PH)EVs with their
conventional competitors;

e Evaluate and compare the life cycle impact of different vehicle technologies
(petrol, diesel, LPG, CNG, HEV, PHEV and BEV) within the same vehicle
category (small family car);
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¢ Integrate manufacturing and end-of-life phases of specific components of electric
vehicles (power electronics, electric motors, batteries) in environmental vehicle
assessments.

The scope of the LCA is to investigate the environmental impact of the personal mobility
part of the household. This is an important part of the h 0 u s e heovirahrdental impact
as a private car consumes about the same amount of energy as the electricity needed
for a private house. The assessment compares the environmental impacts of vehicles
with different conventional (diesel, petrol) and alternative fuels (LPG and CNG) and/or
drive trains (internal combustion engines and battery and hybrid electric vehicles). The
functional unit is the central hub of any life cycle assessment, since it provides the
reference to which all other data in the assessment are normalized. Basically, a
functional unit (FU) is the basis on which different products are to be compared. The
functional unit in TRANS2HOUSE is a distance, as the primary function of a passenger
car is considered to be transporting a person over a certain distance. TRANS2HOUSE
is analyzing electric vehicles and as these vehicles will mainly be used in urban areas, a
low annual driving distance is considered. The variation from 2007 to 2010 of the ages
of all the Belgian end-of-life vehicles treated in Belgian authorized recycling plants have
been assessed by FEBELAUTO (FEBELAUTO, 2011) and an average lifespan of 14,1
years has been obtained from (Statbel, 2012). Next to the average lifespan, an annual
mileage of 8000 km has been taken into account for city vehicles. The functional unit is
described as driving 112.800 km (8000km/year for 14,1 years) with the considered
small family passenger car in Belgium.

3.1.2 Inventory analysis and data collection

The life cycle inventory (LCI) is the collection of all the needed materials, chemicals,
energies and all the emissions related to the fulfillment of the functional unit (driving
8000km/year for 14,1 years = 112.800 km). In the TRANS2HOUSE project, a special
data gathering strategy has been developed and executed for that issue. The results
include all the life cycle steps (production, transport, use phase, maintenance and end-
of-life) of a vehicle in a Belgian context manufacturing and maintenance of road
infrastructure is taken into account as well. When specific Belgian data are not
available, average European data are considered. The Ecoinvent Database (Swiss
Centre for Life Cycle, 2007) is the reference LCI database of the TRANS2HOUSE
project. It contains about 4000 datasets of products and services covering energy,
transport, building materials, wood, chemicals, electronics, mechanical engineering,
paper and pulp, plastics, renewable fibers, metals, waste treatment and agricultural
products. Each dataset contains all the resources and all the emissions (towards soll,
air and water) linked to the production of the corresponding product or service. The LCI
modeling is done using the SimaPro software. In order to make a fair comparison,
equivalent vehicles with different technologies were chosen for the LCA. In Table 1
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equivalent vehicles are listed and some tailpipe emissions are compared together with
fuel consumption. These vehicles are a compact size and follow the newest European
Emission standards (Euro 5). The vehicle specifications were measured on the NEDC
(New European Driving Cycle) driving cycle.

Table 1: Tank-to-Wheel emissions of different vehicle technologies [g/km] and fuel consumption
according to NEDC

Fuel CO, CO HC NO, PM Fuel consumption
Petrol, VW Golf 134 0,24 0,023 0,021 0 5,8 1/100km
Diesel,VW Golf 99 0,37 0,038 0,130 0,001 3,8 1/100km

LPG, VW Golf 169 0,33 0,032 0,012 0 7,1 1/100km
CNG, Fiat Punto 115 0,53 0,042 0,022 0 6,4 m/100km
Hybrid, Toyota 93 0,17 0,034 0,006 0 4 1/100km

Auris

PHEV Opel 27 0,184 0,0167 0,0006 O 1,21/100km
Ampera 13 kWh/100km
BEV, Nissan Leaf 0 0 0 0 0 17,3 kWh/100km

3.1.3 Energetic Well-to-Wheel assessment

To compare the energetic performances of different vehicle Technologies, a Well-to-
Wheel (WTW) approach is used. A WTW analysis consist of a Well-to-Tank (WTT) part,
covering the fuel production, and a Tank-to-Wheel part (TTW) covering the usage of the
vehicle. In an energetic comparison the WTT phase covers the energy losses during
the production of the energy carrier (exp. petrol or electricity), excluding the energy
content. The TTW part covers the energy content, during usage of the vehicle the
energy carrier is transformed in mechanical motion and thermal heating. The fuel
consumption of the vehicles was measured on the NEDC (New European Driving
Cycle) driving cycle. An overview of the WTW energy consumption is shown in
Figure 4. The WTW energy consumption is calculated based on the cumulative energy
demand (VDI, 1997) for the different fuels from (Dones R. et al., 2007). The cumulative
energy demand includes all direct and indirect energy uses throughout the life cycle of
the fuel and the energy content. The WTW energy consumption is then divided
between WTT (well-to-tank) and TTW considering the lower heating value (LHV) from
(CONCAWE, 2007). It can be distinguished that hybrid electric vehicles use less
energy than all other considered technologies, BEVs running on the Belgian electricity
mix of 2020 or electricity produced with natural gas consumes the same levels of
energy compared to the HEV. The electricity mix in Belgium in 2012 and 2020 is taken
from the national renewable energy plan in Belgium, following the Directive 2009/28/EC
(NAP, 2010). A BEV running solely on wind energy is the most energy efficient vehicle.
Of course different energy sources exist, including renewable and non-renewable
sources. Figure 5 shows the different renewable and non-renewable energy sources.
When considering depletion of energy sources, only non-renewable energy should be
taken into account as well as the depletion rate of the energy source. In the left corner
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of Figure 7 the impact on energy depletion is given expressed in depletion of fossil
fuels, taking the renewability and the availability of an energy source into account.
PHEVs and BEVs use a smaller amount of petroleum based energy and contribute less
to the depletion of non-renewable fossil energy.
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Figure 5: WTW renewable and non-renewable energy sources

3.1.4 Environmental comparison

The environmental impacts of (PH)EVs are analyzed with the Life Cycle Assessment
(LCA) methodology. In the Life Cycle Inventory phase (LCI) the well-to-wheel emissions
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and the cradle-to-grave emissions (related directly and indirectly to vehicle production
and end-of-life processing of the vehicle) are included. The inventory phase is
converted and allocated to a set of indicators for pollutants and waste loading in the life
cycle impact analysis. The effects of the emissions are weighted and quantified within
each impact category. After the completion of the LCI, the different elementary flows
that are linked to a product system need to be converted into environmental indicators.
These indicators allow quantifying and comparing the potential environmental impacts
of the different product systems. This step of the LCA is called Life Cycle Impact
Assessment (LCIA). ReCiPe is used as the preferred environmental impact assessment
method for translating the LCI in environmental impacts with characterization factors.
ReCiPe (Goedkoop M.J, 2009) is a follow up of Eco-indicator 99 (Goedkoop and
Spriensma, 2000). and CML 2002 (Guinée, J.B et al., 2002) methods. It integrates and
harmonizes a midpoint and an endpoint approach in a consistent framework. Life cycle
assessment is used to analyze environmental impacts caused by human behavior.
Anthropogenic activities create interventions (for example the emission of carbon
dioxide) with the environment, creating an environmental effect (for example climate
change). In Life Cycle Impact Assessment this is called the midpoint impact category.
Following midpoint impacts are covered in RECIPE and are taken into account in
TRANS2HOUSE:

e climate change;

e o0zone depletion;

e terrestrial acidification;

o freshwater eutrophication;

e marine eutrophication;

e human toxicity;

e photochemical oxidant formation;
e particulate matter formation;

e terrestrial ecotoxicity;

¢ freshwater ecotoxicity;

e marine ecotoxicity;

e ionizing radiation;

e agricultural land occupation;

e urban land occupation;

e natural land transformation;

e depletion of fossil fuel resources;
e depletion of mineral resources;

e depletion of freshwater resources.
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These environmental effects bring damage to areas that the society wants to protect
(human health, ecosystem quality and resources). Midpoint and endpoint
characterization factors are calculated on the basis of a consistent environmental
cause-effect chain, except for land-use and resources. The endpoints are normalized
and weighted in order to sum up the three damage categories into a single score. The
environmental mechanism is summarized in Figure 6.

Single score

Endpoint damage
categories (area of
protection
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Figure 6: Impact categories and pathways covered by the ReCiPe methodology

Figure 7 illustrates a selection of midpoint impacts of different vehicle technologies. The
graphs show the results of the calculated impacts on climate change, metal depletion,
terrestrial acidification and fossil depletion of the different considered vehicle
technologies. The BEV has the lowest impact on climate change when charged with
Belgian electricity, which has a large share of nuclear electricity. A BEV is a tailpipe (or
Tank-to-Wheel) free technology. However, the Well-to-Tank step emits more carbon
based emissions compared to the other vehicles. As electricity can be produced from
various sources, including renewable energy, BEVs have the opportunity to become
even less polluting in the future when well managed. Different scenarios of BEV using
different types of electricity have been compared to assess the influence of the
electricity production technology on the LCA results of BEVs. The BEVs powered with
wind power, hydropower or nuclear power have very low effect on climate change,
since there are no conversion emissions related to electricity production. They are
followed by the scenarios of the Belgian electricity mix, the European electricity mix and
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natural gas electricity production, which also result in a low effect on climate change in
comparison to diesel and petrol vehicles. In extreme scenarios, in which BEVs are for
100% powered with oil or coal based electricity, the LCA results shows that BEV have
climate change comparable to the ones of diesel cars. Thanks to the hybridization of
the drive train, the hybrid vehicle manages to decrease fuel consumption and
accordingly the impact on the climate change. As a consequence the hybrid vehicle has
the lowest impact of all internal combustion engine vehicles, lower compared to the
PHEV.

Fuel saving technologies are reducing the total life cycle carbon emissions significantly,
mostly by lowering the WTW carbon emissions. Therefore, the balance of the carbon
footprint between life cycle stages is relatively changing towards the production of the
components. Figure 7 also includes the emissions related to the production of the
vehicle. In absolute terms, the WTW stage still remains the most important life phase.
When a BEV is only powered with renewable energy or nuclear energy, the embedded

carbon of the vehiclesd components becomes

change, since there are no tailpipe emissions neither conversion emissions related to
electricity producton. The component o6l ife cycle EMG
the end-of-life treatment of the electric motor.

The CNG vehicle has the lowest impact on terrestrial acidification, followed by the BEV
using average Belgium electricity (BEV, BE mix 2010). The petrol vehicle has the
largest impact on air acidification, this is due to the impact of the petrol production in
which NOy and SOy are the leading emissions for the acidification impact. The influence
of diesel production on acidification is lower compared to the petrol production. On the
other hand are the TTW emissions of NOy and SOy of a diesel car higher. A positive
trend can be distinguished for the TTW emissions, due to stricter European emission
limits for NOx en SOx. The impact of the production of copper and steel are the main

ncl

contributors for the O6raw material & phase.

of the car are introduced by the usage of electricity. The calculation of the terrestrial
acidification has also revealed that the production of a battery for a BEV, PHEV and a
hybrid vehicle has a significant impact on the overall result of terrestrial acidification.
Battery recycling is important when dealing with terrestrial acidification. The petrol, LPG
and CNG vehicles have the largest impact on fossil depletion. The petrol vehicle has
the highest fuel consumption, which explains the high WTT impact. In the impact
assessment it is assumed that the depletion of the fossil fuel takes place when
transforming the crude oil in the ground to a refined fuel. Therefore, no impact is defined
in the TTW step, as the WTT step already counts for the total depletion. Figure 8 shows
the weighted and normalized impacts on a single score. When combining all impacts in
a single score, the BEV has the best overall result, followed by the PHEV. Fossil
depletion has the biggest influence on the overall result when comparing vehicles,
followed by the human health aspect linked to climate change.
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BEV are having a larger impact on human toxicity due to the mining of copper for the
electric parts and the mining of uranium for the nuclear power plants.

Climate change Metal depletion
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Figure 7 : environmental comparison of different vehicle technologies with a selection of midpoint
impact categories
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3.1.5 Interpretation and uncertainty

Many scenarios can be built to assess the environmental impacts of a car. The
variability of the different situations can be taken into account due to the fact that VUB-
ETEC has built mathematical models expressing ranges of specific types of cars. Due
to this mathematical model, performing a sensitivity assessment is easily being done.
Often the environmental impact of a vehicle calculated with a Life cycle assessments is
shown as one single value. This approach approximates the environmental impact of a
vehicle, but fails to provide decision-makers with a wide view on the possible effects of
their decisions. The complexity, uncertainty and variability of the system are not well
approximated with one single value. Uncertainties are an inherent part of LCA and
should not be avoided but embraced and made explicit in the result. Identifying and
integrating uncertainties in the end result should provide decision makers with a more
robust interpretation of the results. An example of a range based vehicle LCA can be
found in (Van Mierlo et al., 2009). It should be noted that the more uncertainties that are
taken into account, the more the overall uncertainty of the results increases. At first this
might seem contradictory to the general aim of reducing global uncertainty of the result,
as studies ignoring to take uncertainty into account seem to provide a more certain
result. However, including different sources of uncertainty in LCA is decreasing the
ignorance of not accounting for it. The aim of addressing uncertainty in LCA is to reduce
and to incorporate uncertainties in the result. It should be noted that it is not possible to
take all uncertainties out of LCA. Many sources of uncertainty exist in LCA: data
variability, data inaccuracy, measurement errors, unrepresentative data, temporal
variability, geographical variability,
various types of uncertainties and ways to classify them. (Heijungs R. and Huijbregtsb
M. AJ., 2009) shows some of the different typologies that exist in literature. Three
classes of uncertainties are investigated in TRANS2HOUSE:

e Parameter uncertainty: insufficient knowledge of the true value of a parameter,

e Modeling uncertainty: uncertainty in life cycle impact assessment due to
normalization, weighting and methodology;

e Scenario uncertainty: Choice based uncertainty: choice of functional unit, goal
and scope definition, allocation procedures, future trends.

These three classes are explored in the task report on LCA, however parameter
uncertainty is the most explicit uncertainty and is discussed in Figure 9. Figure 9 shows
the parameter uncertainty on the endpoint impact of the different vehicle technologies
assessed in TRANS2HOUSE. The endpoint impact is divided in three categories:
ecosystems, human health and resources. The error bar shows the uncertainty of the
result with a 95% confidence interval. Following uncertainties are included:
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e Variability between different vehicles

The variation between different vehicles with the same technology is taken into
account. All vehicles have ranges in their key important environmental
parameters such as fuel consumption, weight and tailpipe emissions (CO,, CO,
HC, CH,, N2O, NOy, SOy, PM)

e Measurement errors, gaps in the background data, unrepresentative data

In the Ecoinvent database, the inputs and outputs involved in a unit process are
expressed with single values. According to how the inventory data have been
measured or collected, different types of uncertainty may exist on these data.
When the inputs and outputs are from a measurement campaign, the uncertainty
is measured and expressed in quantitative term. When uncertainty information is
not available for average data coming from one single source, a qualitative
approach, the pedigree matrix, is used to approximate an uncertainty level.

e Data unrepresentativity due to differences between NEDC and real life
emissions

The New European Driving Cycle (NEDC) does not resemble real driving
conditions. A literature study has been used to come up with factors to go from
NEDC values to real driving conditions. Factors were calculated for fuel
consumption and tailpipe emissions (CO,, CO, HC, NOy, PM). It should be noted
that including this factor in the result not only the uncertainty bars increase, but
also the mean value itself.

Figure 9 shows the result of calculating the damage that the midpoint impacts have on
the endpoint categories and combining the endpoint damages in a single score, using a
normalization and weighting step. The method used is ReCiPe Endpoint (H) V1.04. In
Figure 9 it can be noticed that a BEV with Belgian electricity (BE mix 2012) has the best
overall environmental score when compared with other vehicle technologies, followed
by the PHEV and the HEV. As climate change and fossil depletion play an important
role in the endpoint categories, vehicles with some sort of electrification have the lowest
impact. New diesel vehicles are on average evaluated better compared to similar petrol
vehicles, due to lower CO, emissions and fuel consumption. However, due to the fact
that in real life diesel vehicles emit more PM and NOy emissions than stated in the
certificates of conformity using the NEDC, the uncertainty bars show a large overlap
with petrol vehicles and situations in which the diesel car scores worse than the petrol
car.
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Figure 9 : Uncertainty on the endpoint impact of different vehicle technologies

3.2 Total Cost of Ownership

3.2.1 Introduction

Within the decision process of a new car, financial factors are regarded as very
important. Here, consumers should not only look at the initial purchase cost of the
vehicle. Many other costs occur during the ownership of a car. Therefore, in this
chapter, a total cost of ownership (TCO) analysis has been elaborated on different
types of vehicles in order to clear up the financial attractiveness of electric vehicles
(EVs), compared to conventional ICE (internal combustion engine) vehicles. Only when
the TCO of an EV becomes comparative, consumers could opt for these greener
vehicles.

3.2.2 TCO Methodology

The costs associated with a vehicle occur at different moments in time. Therefore, in

order to have a correct TCO, it is needed that that we calculate the present value of all

the occurred costs. The present value methodology makes use of a discount rate. The

discountr at e can be defined as fAthe rate of 1inte
of money (Mearig, Coffee, & Morgan, 1999). It can be either a real discount rate

(excluding inflation) or a nominal discount rate (including inflation). It is recommended to

use the real discount rate for TCO calculations. This eliminates complex accounting for

inflation within the present value equation. The nominal interest rate is also known as

the long-term interest rate on state bonds.

In general, the total cost of ownership is calculated in three steps:

SSD- Science for a Sustainabl®evelopment DEnergy 37



Project SD/EN/10A- Transition Pathways toHficient (Hectrified) Transport forHouseholds (TRANS2HOUSE)

1. Analysis of every stream of periodic costs;
2. Calculation of the present value of the one-time and the recurring costs;
3. Division of the present value by the number of kilometers during the vehicle

lifetime in order to produce a cost per kilometer.

3.2.3 Scope of the research
For this research, the total cost of ownership of the following cars is included.

Table 2: Vehicles used in TCO calculation

Brand Type Technology Segment
Citroen C1 Petrol City car
Citroen C1 Diesel City car
Citroen C1 LPG City car

Mitsubishi iMiev Battery electric City car
Peugeot iOn Battery electric City car
Citroen C-Zero Battery electric City car
Renault Zoe Z.E. Battery electric City car
Tazzari Zero Battery electric City car

Volkswagen Golf Petrol Medium car
Volkswagen Golf Diesel Medium car
Volkswagen Golf Bluemotion Diesel Medium car
Volkswagen Golf LPG Medium car

Opel Zafira CNG Medium car
Toyota Prius Hybrid Medium car
Toyota Auris Hybrid Medium car
Nissan Leaf Battery electric Medium car
Renault Fluence Z.E. Battery electric Medium car

Opel Ampera PHEV Medium car
Toyota Prius PHEV PHEV Medium car

Two car segments have been investigated: the small city cars and the medium sized
cars. All of these are compared for different vehicle technologies: petrol, diesel, LPG,
CNG, hybrid, battery electric and plug-in hybrid electric. This way, we are able to
investigate the financial attractiveness of electric vehicles.

3.2.4 Parameters and assumptions

Within the total cost of ownership calculation, several parameters and assumptions
have to be defined. First, some general assumptions need to be defined: the average
lifetime of the vehicle, the average mileage per year and the total mileage per vehicle
lifetime. Next, the parameters are discussed. They can be divided into 2 main
parameters: the financial costs and the operating costs (related to the usage of the car).
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3.24.1 General assumptions

In Belgium, the average lifetime of a vehicle is 14,1 years. However, the average
Belgian consumer only owns the vehicle for 7 years before selling it. The average
annual mileage is 15.000 kilometers per year.

3.24.2 The vehicle financial costs

The financial costs associated with the purchase of a new vehicle include the initial
purchase price, the possible governmental subsidies and the vehicle registration tax.

Purchase price

The purchase price for the vehicles in this TCO calculation include the VAT (value
added tax, 21% in Belgium), but exclude possible reductions or promotions by the
dealer. All prices are retrieved from the website of Autogids (www.autogids.be) and are
of December 2011. For a few vehicles that are not yet on the market or that are not
listed on the Autogids website, the estimated purchase price is gathered from the
manuf act ur e rvéhiles vdeplesaitet oger time. The loss of value due to

depreciation is the highest in the first yea
not only vary according to the fuel or drive train, they also vary according to brand
i mage, mileage, vehicle classéHowever,e in th

difference in fuel and drive train. The total percentage written off after 7 years is 74% for
diesel, 79% for petrol, 82% for LPG, 83% for CNG and 84% for EV (Van Mierlo,
Maggetto, Meyer, & Hecq, 2001).

Governmental subsidies

As from July 1%, 2007, Belgian consumers can receive a governmental subsidy when
buying a low CO, emitting vehicle. On December 1% 2011, the Belgian government
decided to drop the CO, ecobonus. However, since the Trans2House project is a two
year project (2010-2011), we tend to include this ecobonus in the TCO calculations. In
the sensitivity analysis, we will discuss the effect on TCO when the ecobonus would
disappear.

Vehicle registration tax

The vehicle registration tax has to be paid once, when purchasing the vehicle. Up to
February 29 2012, the amount due is calculated according to the fiscal horsepower or
the kW of the vehicle. After that date, it will be calculated on the basis of CO,, the
EURO norm and the age of the vehicle.

For the purchase of a battery electric vehicle, the minimal amount of registration tax
(61,50 euro) has to be paid.
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3.24.3 The operating costs

The operating costs linked to the usage of the car are: the fuel operating costs, the
yearly taxation (road tax), the insurance cost, possible battery costs and the
maintenance costs.

Fuel operating costs

The fuel or electricity consumption whilst driving can take up a large amount of the

TCO. In this analysis, we use the following prices for fuels and electricity. The prices for

petrol and diesel are the average maximum prices for November 2011 ( pet r ol =1, 59 0
di esel =1,50u/1; CNG=0,59u0/ 1 ; L P The Qricé 4ot / | ; E
electricity is the average of day and night tariff for November 2011.

Road tax
The yearly road tax in Belgium depends on the fiscal horsepower.
Insurance cost

In Belgium, the civil liability premium is obliged for drivers. This premium is based on

di fferent parameters: ¢emrailweréd sl nagaed,diddminci Iteh
premium can be complemented with an omnium insurance, which depends on the

actual value of the car.

For this TCO calculation, the insurance was obtained at Touring Insurances
(www.touring-v er zekeringen. be) . For every vehicl e,
on 1/1/1975, married, employee, driving license since 1/1/1993, never lost his
insurance, first owner of the vehicle, purchase of the vehicle on 1/12/2011, vehicle used

for private and home-work movements, Bonus-malus of 3, 15.000 km per year.

Battery costs

The battery pack of battery electric vehicles has a limited lifespan. In this TCO
calculation, we replace the battery pack according to the warranty given by the
manufacturer. This is often linked to the total mileage or to a certain number of years.
When replacing the battery pack, we consider a price of 500 euro per kWh.

Maintenance costs

Maintenance costs include tire costs, costs for small and large maintenance and costs
for annual car inspection (Testaankoop, 2007), (GOCA, 2010). Tire costs depend on
the vehicle type and annual mileage, and are assumed to be replaced every 50.000 km
(Testaankoop, 2007). Costs for small and large maintenance are seen as costs
necessary to keep the vehicle operational. This includes the oil replacement, the
revision of the brakesé I n general, the main
to ICE vehicles, since EVs have less moving components, they face less temperature
stress and do not need oil and filter replacements (Van Vliet, Kruithof, Turkenburg, &
Faaij, 2010) (Werber, Fischer, & Schwartz, 2009). As for the maintenance costs of
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hybrid cars, they are considered to be the same as those for ICE cars (Goedecke,
Therdthianwong, & Gheewala, 2007).

3.24.4 Overview of data for TCO calculation
Table 3: Vehicle data used in TCO calculation
CO | Purchas | Registration Road Insuranc Insuranc | Technical | Tyre cost | Maintenance Consumption
2 e price tax tax e Civil e control cost
Car liab. Omnium
Citroen C1 Petrol 103 a0 9. U /A a 1,3 G 25 G 54 G 15 0 45 0 584 4,5 1/100km
Citroen C1 Diesel 109 ia 11. ua 6 a 2425 G 25 a4 56 a 15 04 485 01 564,88 4,1 1/100km
Citroen C1 LPG 95 ua 11 a 6 a 3®W4 0 25 a 54 a 21 a4 485 a4 5884 5,7 1/2100km
Mitsubishi iIMIEV 0 ua 34. U /A ua 73 g 24 0 1.0 0 12: 0 485 G 180 12 kwh/100km
Peugeot iOn 0 a4 35. u /a a 73 a 24 01112 G 12: 0 4B5 G 180 12Kkwh/100km
Citroen C-Zero 0 a 35. a /a a 73 G 24 0 1.1 a4 12: 04 4®5 0 180 12Kkwh/100km
Renault Zoe Z.E. 0 a 20. u /a a 73 0 25 0 1.0 0 12: 0 485 G 180: 15kWh/100km
Tazzari Zero 0 a 24. a /a a 73 G 30i 0 1.1 a4 12: 04 485 0 180 14Kkwh/100km
VW Golf Petrol 144 14 20. G 4950 266 0 29 u 84 G4 15 40 5@®5 0 530 6,2 1/100km
VW Golf Diesel 119 14 21. G 1230 266 G 28 a 81 G 15 404 5®5 0 5380 4,5 1/100km
VW Golf DieselBM | 104 - 04 2 2. G 123 0 266 0 28 G 85 G4 15 40 5@®5 0 530 4,0 1/200km
VW Golf LPG 149 a0 21. G 123 0 266 G 28 a 82 G 21 404 5®5 0 5380 9,2 1/100km
Opel Zafira CNG 138 10 27. U /A G 4686 G 31 0 1.1 G 21 40 7,83 U4 874 7,8 1/100km
Toyota Prius 89 U0 28. G4 4950 2407 G 30; 0 1.3 G 15 04 624 G4 168 3,9 1/100km
hybrid
Toyota Auris 89 U 24 G4 4950 2407 4 30; 0 1.1 G 15 04 6244 G4 168 3,8 1/100km
hybrid
Nissan Leaf 0 a 36 a /a a 73 G 28 0 1.1 a4 12: 04 6244 0 180 15kwh/100km
Renault Fluence G4 26 G /a a 73 a 30 0 1.2 0 1 a4 6244 G 180: 15kWh/100km
Z.E.
6,7 1/200km
Opel Ampera 27 404 44 U 1239 a 789 0 26 0 1.3 0 12: 0 6244 U4 168 22,5
kWh/100km
Toyota Prius 3,3 1/100km
PHEV 59 0 36 G4 4950 2407 G 28 0 1.1 G 15 04 624 U4 168 20 KWh/L00Kkm
3.2.5 Results

This section represents the private total cost of ownership for the 2 segments of
vehicles: city cars and medium cars. First, the cost structure of the TCO is given. Here,
each cost parameter can be investigated separately. Secondly, the yearly cost and the
cost per kilometer are illustrated. All TCO calculations include the parameters and
assumptions from the previous chapters. The insurance cost is the full omnium cost.

3.251

Figure 10 illustrates the cost structure for city cars. As for the depreciation cost, the
difference between the ICE vehicles (the first three cars) and the electric vehicles (the
last five vehicles) is quite elevated. This is mainly due to the higher initial purchase price
of the EVs. Within the five EVs, the Renault Zoe ZE and the Tazzari Zero have a lower

Results for city cars
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depreciation cost. This is because Renault remains the owner of the battery pack (the
customer has to lease the battery pack) and because the Tazzari Zero is a more
compact vehicle and has a smaller battery pack compared to the other EVs. When
looking at the fuel cost, the opposite result is shown: EVs have a much lower fuel cost
than ICE vehicles. Today, the price of electricity (for EVS) is still quite low compared to
the high petrol and diesel prices. The LPG car (Citroén C1) illustrates that this fuel type
still offers an interesting alternative to the conventional petrol and diesel cars. As for the
insurance costs, due to the high purchase prices, the full omnium cost for the EVs is
more than twice as large compared to the ICE (internal combustion engine) cars. In
chapter 3.2.6.2, the effect of having only a civil liability for the cars is shown. The
rectangular bars below the x-axis represent the governmental subsidies.
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Figure 10: TCO for city cars i cost structure

Figure 11 shows the yearly cost (bars) and the cost per kilometer (small circles) for the
city cars. This result takes into account
the price difference for the total cost of ownership between the EVs and the ICE cars is

clear. The electric Mitsubishi, Peugeot and Citroén are almost twice as costly, and the
Renault and Tazzari are respectively 25% and 50% more costly.
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