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Abstract
A research associated with the Greek road transport sector was carried out in order to
analyze the current status of energy demands and pollutant emissions along with different future scenarios and policies.
A forecasting transport model has been developed using computer based software called
Long-Range Energy Alternatives Planning System (LEAP). The LEAP model was used
to estimate total energy demands and the associated emissions for the base year 2010
and extrapolated till 2035 for future scenarios and predictions. Base lines of the energy
consumption and CO 2 equivalent emissions of the road transport sector in a business-asusual (BAU) scenario were estimated by using a vehicle stock-turnover modeling approach. Apart from business-as-usual scenario, the model was run under 17 alternative
scenarios; substitution of conventional fuels by alternative fuels along with improved
fuel economy of vehicle engines, by increasing efficiency, and introduction of alternative technologies, to study the impact of different transport policies, better or worse, that
would change energy demand and emissions in Greek transport sector. The prime objective was to present alternative solutions and policies and conclude to an optimal one,
which limits the future growth of energy demand as well as air pollutant emissions.
The resulting energy demands and the CO 2 emissions under each scenario were compared with the base line case of the BAU scenario. The reduction in energy demands
and CO 2 emissions mitigation of each case show that the implementation of improved
fuel economy vehicles and alternative fuels and technologies have a significant potential
to reduce energy demand and mitigate pollutant emissions in this sector.

Christos Bitos
November 28th, 2013
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1 Introduction
1.1 Social and Economic Issues
For many years, mobility has been an essential human need. The ability to move people
and goods is very important for human's survival and societal interaction, while efficient
mobility systems are essential facilitators of economic development. Cities, in their present form, could not exist and global trade would not be able to occur if there were no
systems to transport people and goods in a cheap and efficient way. Personal mobility
today is a major energy-consuming activity which depends on a range of factors such as
GDP, population density etc.
Today, the majority of transport is conducted through road networks and use of cars.
Car is an important consumer good with complex significance for modern people. Vehicle's owner can, through this, express his personality while at the same time satisfying
professional, personal and recreational needs. The vast majority of vehicles on roads,
worldwide, use gasoline or diesel as a fuel.
Manufacture, sale and maintenance sectors of the car have catalytic role in economic
development. It is reported that, within the EU, 3.5% of GDP and 8 % of total industrial
production comes from automobile manufacturing. As far as it's social perspective is
concerned, vehicle's production sector provides employment to two million people
while another ten million are employed to correlated positions (ACEA, 2011). On a
global scale, 62 million cars are produced every year (OICA, 2009), while the same
business sector invests, plays a key role in the trade balance, support research and development and at the same time, through direct and indirect taxation, is the main source
of financial revenue. The contribution of the sector to the national income of our country is around 3.2 billion (OICA).
Therefore, it is clear that transport is one of the main sectors for operation and deve lopment of modern societies. Transport systems are not only required to satisfy the pe rmanently increasing needs for transporting passengers and goods but, in the long term,
affect the growth and economic activities of societies. However, the problems that occur
and are relative to energy consumption and environment are particularly high.
-9-

1.2 Energy Issues
The intense urbanization and economic growth of the past decades has led to a large increase in demand for private transport means, where road vehicles are set to become one
of the major sources of oil demand and emissions, and improved road networks. As a
result, energy consumption has significantly increased and the transport sector became
one of the main sources of air pollution.
The wider transport sector currently accounts for the consumption of about 20% of
global energy production and about 50% of available liquid fuels. which is the dominant
source of energy, while exhibiting increasing trends (EIA, 2011).
The last decades, vehicle's fleet in developed countries, which constitutes about 80% of
the world's total, has doubled, resulting in a tremendous increase in road transport. Today, road transport hold the 81% share of the global energy consumption of the wider
sector, with passenger transport meeting the mo st of it.
The continuously increasing sector of road transport has led to higher energy requirements and thus to significant increases in global consumption of oil and its derivatives.
Figure 1.1 presents the evolution of world oil consumption the years 1998-2008. At
2008 the price of oil reached its historical maximum, reflecting the ever growing demand. The small drop in consumption, at 2007-2008, is attributed to the economic recession in developed countries.
Figure 1-1: World Oil Consumption 1998-2008

Source: BP, 2009
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In Greece, as in most developed countries, there has been a huge increase in road
transport during the last decades. Vehicle's fleet in 2008 was twice than that of 1990,
while the share of medium and large passenger vehicles was significantly increased
(from 15% in 1990 to 35% in 2008). This fleet growth refers, almost entirely, to internal
combustion vehicles which use gasoline or diesel as a fuel. Therefore, the resulting CO 2
emissions from 1990 to 2008 increased by 67%, while for the same period, the energy
consumption in the transport sector shows 70% growth. Most of these vehicles have low
efficiency which, taking into consideration that we need to reduce the use of petroleum,
leads us to develop new vehicle technologies and alternative fuels. Furthermore, Greece
is an energy depended country based, by72%, on fuel imports. while the figure for the
rest of Europe is set to 54%.
Figure 1-2: Distribution of energy consumption in Greece

Source: Hellenic Institute of Transportation Engineers

1.3 Environmental Issues
The high oil dependence of the transport sector, through combustion in vehicle engines,
lead to disastrous consequences for the environment. The main pollutants emitted by
internal combustion engines, which dominate the market, are nitrogen oxides (NOx),
carbon dioxide (CO 2 ), carbon monoxide (CO), sulfur dioxide (SO 2 ), lead and smoke.
These substances have many negative impacts to both humans and the environment.
Carbon dioxide is not toxic and therefore it cannot be classified as pollutant. However,
we must control emissions because of its important contribution to the greenhouse e f-

-11-

fect, which can gradually lead to a significant increase in global temperatures, as well as
in climate changes, with serious consequences.
In recent years, automakers switch to environmental friendly technologies and to the
development of vehicles with improved efficiency and reduced or zero emissions to the
environment. As a result, new vehicle technologies are developed and used based on
alternative fuels such as Hydrogen, Biofuels or Electricity, in an effort to decrease ene rgy and environmental problems.

1.4 Dissertation's Structure
This thesis aims to present a comprehensive overview of the current status and future
trends and evaluate alternatives that reduce energy demand and emissions for various
future scenarios using LEAP software.
Second chapter describes the current status of Greek's transport sector per mode of
transport with an emphasis on road sector.
Third chapter presents the end- use model called "Long-range Energy Alternative Planning system" or LEAP model. The LEAP model has been developed by the Stockholm
Environment Institute (SEI), Boston centre and is used to evaluate energy development
policies in many countries. This computer software contains the useful data for the ca lculation of the energy demands and emissions such as the Technolo gy and Environment
Database (TED), which is used to estimate the emissions from the energy utilization in
different activities or sectors i.e. transport sector.
Chapter four gives an overview of vehicles technology, their features, function and their
potential for reducing demands and emissions in the transport sector along with some of
their advantages and disadvantages.
In chapter five, the model is implemented for the case of Greece. The bibliographic data
used is then presented, along with some assumptions. Furthermore, alternative scenarios
for energy savings and emissions reduction are designed and finally they are evaluated
on the basis of results achieved.
In chapters six and seven, an analysis of the results is performed, highlighting the parameters that cause uncertainty and how to reduce them. Additional integrative
measures to improve the results and suggestions for future research is also proposed.
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2 The Greek Transport Sector
2.1 Introduction
This chapter describes the current situation concerning the transport sector in Greece.
Different modes of transport are presented along with general features concerning fleet's
size and infrastructure development.

2.2 General Characteristics
Greece is a country with a surface of 131,957 Km2 , which is located at the crossroads of
three continents (Africa, Europe, Asia), bordering the Mediterranean Sea, the Aegean
Sea and the Ionian Sea. It consists of three main areas: the mainland, the Peloponnese, a
peninsula connected to the Southern tip of the mainland through the Isthmus of Corinth
and around 2,000 islands in the Aegean and Ionian seas, of which only approximately
165 are inhabited. It has a population of 11.280.167 people with a population density of
around 85.5 inhabitants per Km2 .
Figure 2-1: Greece

Greece has a capitalist economy with a public sector accounting for about 40% of GDP
and with per capita GDP about two-thirds that of the leading euro- zone economies.
Tourism activities provide 15% of GDP. Immigrants make up nearly one- fifth of the
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work force, mainly in agricultural and unskilled jobs. Greece is a major beneficiary of
EU aid, equal to about 3.3% of annual GDP. The Greek economy grew at an annual average rate of 4% per year between 2003 and 2007 and 2% during 2008, largely due to
infrastructural spending and upgrades related for the 2004 Athens Olympic Games.
Then, the economy went into recession in 2009 as a result of the world financial crisis
and the tightening credit conditions and it started to contract, by 2% in 2009, 4% in
2010 and 5% in 2011. In order to recover from recession and overcome these challenges, the Greek government, under intense pressure from the European Commission and
other International stakeholders (International Monetary Fund and Eurogroup), has
adopted an economic adjustment program that includes cutting government spending,
reducing the size of the public sector, reducing tax evasion, reforming the healthcare
and pension systems, and improving competitiveness through structural reforms to
the labor and product markets. (European Commission, "Greece Country Report", and
eubusiness.com).
Table 2-1: Economic Data

Source: Eurostat

2.3 Modes of transport
2.3.1

Road Transport

The total length of the Greek road network is 117,756Km (2009) and it consists of
1,172Km motorways, 10,189Km main or national roads, 30,864Km secondary or regional roads and 75600Km of other roads (meaning that sometimes includes roads with
no hard surface). Part of these roads are set as high priority for upgrading seeking funding.
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Although Greece's motorway density faced a great increase between 1990 and 2008,
which reached 489%, it was still well below the EU average, 8,57Km/1000km2 against
19Km/1000km2 in EU.
Figure 2-2: Density of motorways, 1990-2008

Source: Eurostat
Figure 2-3: Density of motorways by country, 2009

Source: ERF, 2011
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The main road axes are:


Horizontal axes:
o Egnatia Motorway: A high speed four- lane motorway with a length of
670km which starts from Igoumenitsa, crosses Epirus, Thessaly, Macedonia,
Thrace and ends at Kipoi, a village near the Turkish border
o Regional Ring of Athens (Attiki Odos, in parts, belongs to PATHE)
o Central Greece Axis (E65)



Vertical Axes:
o PATHE (Patras-Athens- Thessaloniki- Evzonoi) Motorway: One of the main
road connections is a North-South axis motorway with a length of 730km,
crossing the regions of Central Macedonia, Thessaly, West Greece, Central
Greece, Peloponnese and Attica.
o Ionian Motorway: Starts from Ioannina and ends at Rio, after crossing the
Corinthian Gulf over the Rio-Antirio bridge
o Patras, Pyrgos, Tsakona

Figure 2-4: Road Axes, Greece

Source: (Egnatia Odos observatory, 2006)
2.3.1.1 Vehicle Fleet & Car Ownership
Vehicle fleet in Greece, in 2010, consisted of 5.216.873 cars and 1.026.362 light and
heavy duty trucks. Sales were 141.501 and 11.938 for cars and trucks respectively.
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Table 2-2: Passenger cars registration by month, 2010

Source: SEAA, 2011
Economic growth of the country led to a significant increase of motorization trends. Car
ownership became more affordable in recent years, mainly because of the better economic conditions and the higher incomes that derived from this growth, and therefore
the number of private cars increased rapidly (96% between 1994-2004).
The average car ownership in Greece was approximately 461 cars per 1000 inhabitants
in 2010, which was lower than Europe's average (477 cars per 1000 inhabitants). The
last 3-4 years this sector stayed stagnated, mostly because of the economic recession.
Figure 2-5: Cars per 1000 inhabitants in the EU, 2010

Source: Eurostat, 2012
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2.3.2

Rail Transport

Operating railway network in Greece is approximately 2552km long, 70% of which is
standard gauge line (Thrace, Macedonia, Thessaly, Central Greece and Attica) as is well
established in Europe and internationally, and 30% is metric gauge line (Peloponnesus).
Figure 2-6: Greek railway network

Source: Wikipedia
Due to the mountainous terrain, railway network is relatively limited and therefore railway density, which is 23/1000 km2 , is far below EU average (57/1000 km2 ).
Major rail network consists of:


The electrified standard gauge double track line from Piraeus to Thessaloniki
through which most of the total transport product is being carried.



The single track electrified line from Thessaloniki to Ormenio, through
Alexandroupoli, which crosses the northern part of Greece and provides connection
with Turkey and Bulgaria.



The mixed gauge line from Athens to Patra, which provides connection with one of
the country's western gates to Western Europe.

Almost all other lines links directly with these lines.
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Passenger and freight train services are operated with regular, express and intercity
trains from an independent state-owned company called TrainOSE. Regular rail trains
are the slowest but the cheapest available, express are faster and intercity are the fastest
but the most expensive.

2.3.3

Marine Transport

Greece's rugged interior, along with the large number of inhabited islands, have made
shipping sector a profitable field of great importance for transporting and importing
goods and has led to the development of a wide sea network with a total of 1334 ports
throughout the country, 138 of which are evaluated as major ports in mainland and ins ular Greece.
Figure 2-7: Greece's major ports

Source: Wikipedia
Currently Greece has the largest merchant navy in the world as a percentage of the
world's total deadweight tonnage (dwt), at 16.1% according to a United Nations Confe rence on Trade and Development 2012 report, with 3321 number of vessels and approximately 224 millions of dwt.
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Figure 2-8: The 35 countries and territories with the largest owned fleets, January 2012

Source: UNCTAD

2.3.4

Air Transport

The fact that, over the last decades, national and international flights have considerably
increased has made air transport a sector of great importance for today's country eco nomy. The aviation sector, which consists of airlines, ground-based infrastructure and
aerospace manufacturing, contributes 2.5% to Greek GDP and supports employment
with 110.000 jobs, without considering the benefits through tourism which would raise
these numbers.

-20-

Figure 2-9: Aviation's sector contribution to Greece

Source: Eurostat, OECD, Oxford Economics
Currently in Greece there is a network consisting of 39 airports, 11 on mainland and 28
on the islands. Five of these ( Athens, Thessaloniki, Heraklion, Rhodes and Chania) are
considered to be the major airports, serving 85% of the total air traffic, which accounts
for almost 30 million passengers a year.
Figure 2-10: Distribution of Greek passenger trips

Source: IATA
According to Civil Aviation Authority and Eurostat, in 2012, air traffic movements
were 382.781 (50.5% of which were domestic flights), the total passenger traffic in both
domestic and international flights reached 31.5 million and the transport of goods and
mails was about 90 thousand tones.
-21-

3 LEAP Software
3.1 Introduction to LEAP software
LEAP is an integrated modeling tool based on scenarios in which it is estimated how
energy is consumed, converted and produced in a given region or economy under a
range of alternative assumptions about economic, demographic and technological development. It's flexible format allows the analysis to be as detailed as user desires, e xceeding simple analysis and allowing him to move quickly from ideas to implementations without having to resort to more complex models. With LEAP, the user can create
a good simulation of the system that interests him. Unlike other macroeconomic models, LEAP does not attempt to evaluate the effect of energy data on employment or
GDP, although such models can be run in collaboration with LEAP.
LEAP serves many purposes:


a database that provides a comprehensive system, where information for energy is
located.



a forecasting tool that enables the user to create scenarios for supply and demand of
energy over time.



an analysis tool that simulates and determines the effects (physical, economic and
environmental) of energy management programs.

LEAP can be used to simulate the supply and demand of energy in order to predict future behavior of different scenarios, identify potential problems and evaluate the pote ntial effects of any energy policy. Dealing with the energy problem while considering as
less as possible environmental impacts, can be achieved by using LEAP.
LEAP's main screen contains the "View bar" on the left of the screen, a main menu and
the main toolbar on the top of the screen, providing acc ess to the most important program functions. Moreover, it contains the "Status bar" at the bottom of the screen that
shows current area name, appearance and other status information. The layout of the
rest of the screen depends on which view is selected. F igure 1 shows the user's interface
screen.
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Figure 3-1: User interface

Source: LEAP's training material

3.2 Views
3.2.1

Analysis View

Databases, models and scenarios in LEAP are created here. There is a hierarchical tree
which is used for creating and organizing data into major categories. The tree supports
standard operations (copying, pasting, dragging and dropping etc.) that simplify the
construction and maintenance of data in an energy analysis. The tree affords a great deal
of flexibility in how a system is modeled.
Figure 3-2: Analysis view

Source: LEAP's training material
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3.2.2

Results View

The results of all branches of the energy system can be seen here. It is also used to create a large number of charts and tables which cover every aspect of the energy system.
This option shows the results for one or more scenarios as well as their classification in
various ways. Moreover, the "favorites" choice can be used for stor ing useful analysis
charts. All results can be exported as tables to Excel or charts to PowerPoint.
Figure 3-3: Results view

Source: LEAP's training material

3.2.3

Diagram View

The diagram of the energy system shows the main power flows of the system from the
production to the consumption through a transmission and transformation network. It is
also showing in detail the operation mode of each power station that receives fuel and
generate power. Furthermore, changing data in a station will have as a result the automatically update of the entire diagram according to this change.
Figure 3-4: Diagram view

Source: LEAP's training material
-24-

3.2.4

Energy Balance View

LEAP also includes a series of specialized reports including standard energy balance
reports and energy flow diagrams. LEAP's energy balances can be displayed in table,
chart and flow diagram format and they can be customized to summarize information
for detailed or simplified fuel categories, for different years or for different regions.
Balance results can also be shown by sector or by subsector in any energy unit.
Figure 3-5: Energy balance view

Source: LEAP's training material

3.2.5

Overview View

Multiple favorite charts can be grouped together and plotted on screen in the Overview
view.
Figure 3-6: Overview view

Source: LEAP's training material
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3.2.6

Technology & Environmental Database (TED)

Describes the technical characteristics, costs and environmental impacts of a range of
energy technologies including existing technologies, current best practices and next
generation devices. TED includes data on hundreds of existing technologies, referencing reports by dozen of environmental institutions and services as well as data of energy
technology in developing areas. TED's quantitative data are supplemented by important
information describing the availability, appropriateness, cost effectiveness and environmental emissions of a wide range of energy technologies.
Figure 3-7: TED

Source: LEAP's training material

3.3 The Tree
The tree, which appears in the Analysis view, the Results view and the Notes view is a
hierarchical graph used in organizing and changing the main data structures in a LEAP's
analysis. In the Analysis view option, the tree's structure can be edited and a branch of
the tree can be selected in order to view or edit the data you want. In the Results view,
the tree is used again but this time as a means for accessing the various results calcula ted for different branches of the tree.
Data in the tree are organized under major categories which are:


Key assumptions



Demand



Transformation
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Resources



Non energy effects



Indicators

Figure 3-8: Tree

Source: LEAP's training material

3.3.1

Tree Branches

The types of data entered at each branch, will depend on the type of branch, its position
in the tree and the properties you set for that branch.
Key assumptions branches are used to indicate independent time-series variables (GDP,
population etc.). They are not directly calculated in LEAP but can be useful as intermediate variables that can be referenced in modeling calculations.
Category branches are used mainly for organizing the other branches into hierarchical
data structures. A lot of levels of branches can be generated and different levels can be
used for different sectors. In Transformation sector, category branches are used to determine the main models of energy conversion and organize the Processes and Output
fuels options for any of these models. In Resources sector, category branches are used
to organize the sources into primary resources and secondary fuels. Furthermore, category branches are used in cases where you choose to disaggregate your primary resource accounting analysis.
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Category, with aggregate energy intensity, branches are used to indicate a category
branch at which energy intensities are specified at one level up from the actual energyusing devices.
Technology branches are always the last branches of a tree. In these branches it is not
possible to add new branches. They are used to represent final energy consuming devices, and hence when choosing this type of branch you will also need to select the fuel
consumed. The three basic demand analysis methodologies are:
a) Activity level analysis
b) Stock analysis
c) Transport analysis
Fuel branches are used to indicate various output fuels produced, primary resources and
secondary fuels produced or fuels for which you can specify base year stock change and
statistical differences, depending on whether they are in the Transfor mation, Resources
or Stock Change branches respectively.
Environmental loading branches.

3.4 Scenarios
Scenario analysis is a crucial part of LEAP software which describes how a future ene rgy system will evolve over time in a particular sociopolitical background under the implementation of a specific policy. Scenarios are compared with each other in order to
assess their energy demand, costs and environmental effects. All scenarios start from a
common base year, the data for which are imported from Current Acco unts.
LEAP's scenarios describe each factor that can change with time, including these which
are related with different socioeconomic conditions. The latter are referred to as "sens itivity" and are contained in each scenario. Because of this, it is importa nt to compare
scenarios under the same socioeconomic conditions.

3.4.1

Scenario Inheritance

Scenarios inheritance allows the creation of an hierarchy of scenarios which inherit defined expressions from their "mother", which is the primary one, scenario. In fact,
mathematical expressions are created that can be absorbed by many scenarios or their
parts.
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With this approach, it is easy for new scenarios to be introduced and organized because:
a) they can be created with minimum entry data and
b) common expressions in family scenarios can be imported from the primary scenario.
Figure 3-9: A simple scenario hierarchy

Source: LEAP's training material

3.4.2

Multiple Scenario Inheritance

Besides the direct scenario inheritance described above, scenarios which inherit expressions from already inherited scenarios can also be created. This approach of multiple
inheritance allows for the examination of a large range of measures which, combined
with different ways, can create separate integrated scenarios.
Figure 3-10: A scenario hierarchy with multiple inheritance

Source: LEAP's training material
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3.5 Expressions
Leap provides the user with the ability to import data and build models using mathematical expressions. These expressions range from simple numerical values to complex
mathematical forms.
Several ways to import expressions are provided by LEAP. The most common are:


Type to directly edit the expression



Select a common function (Interpolation, Growth, End-Year, Remainder)



Use the Time-Series Wizard, a tool for easier import of time functions



Use the expression builder tool, a general tool that create expressions using functions and variables from LEAP's and TED's data and results.

3.6 Demand Analysis
Based on final uses, demand analysis in LEAP approaches the final energy consumption
in an area. By combining economic, demographic and energy use data, an alternative
scenario is formed, that examine how the final consumption or even the consumption of
individual sectors or the effects of each scenario on the environment will evolve over
time.
The fact that detailed calculations for some activity (vehicle/km distance, number of
houses etc.) can be made, constitutes a key advantage. This level of activity is multiplied with energy consumption so that each separate activity can be studied regarding its
future behavior depending on further information that we will give, such as growth rate,
advanced technologies that may be introduced and so on.

3.7 Environmental Effects
Each branch on Demand data and every type of plant in Transformation constitute the
main cause of environmental effect. The Environment option can be used so as to co nnect branches of Demand and plants of Transformation with environmental emissions.
These emissions are located in TED. Any emission is defined as an effect per unit of
energy consumed in a Demand branch or per unit of energy consumed, produced or lost
a Transformation plant. During these calculations LEAP multiplies emissions that have
been set in the Environment option with the total energy consumed, produced or lost
from the branch or the plant each year for every scenario.
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The display, resulting from Environment option, contains two strips. The strip on top
contains a range of technologies from which only one is selected every time. The strip
on the bottom aggregate fuel emissions of the branches relevant to the chosen technology. The option at the right of the top strip is used for the technology selection.
Figure 3-11: Environmental impacts

Source: LEAP's training material

3.8 Transformation Analysis
Transformation analysis simulates the conversion and transportation of energy forms,
from the point of extraction of raw materials all the way to the final fuel consumption.
Alternative scenarios can be used to represent different future Transformation configurations reflecting alternative assumptions about policies and assumptions.
Demand results are aggregated in the transformation so as to meet fuel requirements,
however new ones are created, those of input requirements. Final conclusions take into
account everything and is a set of requirements for primary resources and for imports of
fuels into the area.
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4 Vehicle Technology
4.1 Introduction
Car's technological evolution, as the most used transfer mean of modern societies, is
rapidly growing and is formed around five key growth drivers: economy, performance,
functionality, environmental friendly, aesthetics.
Conventional car (internal combustion engines) dominated after industrial revolution.
But the impact of the ever growing industrial development on the environment, co mbined with the oil crisis, led to the need of implementing alternative fuels.
Increased CO 2 emissions contributed to the creation of greenhouse effect with serious
impact on both the planet and people. The need for protecting the environment was then
created and therefore automakers developed green technologies such as hybrid cars,
electric cars and cars of different energy sources (biofuels, natural gas, LPG, hydrogen
etc.).

4.2 Internal Combustion Engine
By using the term "internal combustion engines" we refer to machines which, in order
to produce work, use air and, in some way, the fuel itse lf, namely exhaust (piston engine, gas turbine etc.). The most known types of engines operating in this way are the
four-stroke internal combustion gasoline engine and diesel engine.
In theory, diesel and gasoline engines are quite similar. They are both internal combustion engines designed to convert the chemical energy into mechanical energy. Thereafter, this mechanical energy moves pistons up and down inside cylinders. The pistons are
connected to a crankshaft, and their up-and-down motion, known as linear motion, creates the rotary motion needed to turn the wheels of a car forward.
Both the engines convert fuel into energy through a series of small explosions or co mbustions. The major difference between them is the way these explosions happen. In a
gasoline engine, fuel is mixed with air, compressed by pistons and ignited by sparks
from spark plugs. However, in a diesel engine, the air is compressed first, and then the
fuel is injected. Because air heats up when it's compressed, the fuel ignites.
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4.2.1

Gasoline engine

Almost all cars currently use what is called a four-stroke combustion cycle to convert
gasoline into motion. The four-stroke approach is also known as the Otto cycle and is
illustrated below:
Figure 4-1: Four-stroke cycle engine

1. The piston starts at the top, the intake valve opens, and the piston moves downward
to let the engine take in a cylinder- full of air and gasoline. This is the intake stroke.
2. This fuel/air mixture is compressed as the piston moves back up with closed valves.
The mixture is ignited by an electric spark. Compression makes the explosion more
powerful.
3. When the piston reaches the top of its stroke, the spark plug emits a spark to ignite
the gasoline. The gasoline charge in the cylinder explodes, driving the piston down.
4. Once the piston hits the bottom of its stroke, the exhaust valve opens and the combustion products, exhausts, leaves the cylinder to go out the tailpipe.
Now the engine is ready for the next cycle, so it intakes another charge of air and gas.
(Brain Marshall, "How car engines work", April 2000)

4.2.2

Diesel engine

The diesel engine uses a four-stroke combustion cycle just like a gasoline engine. The
four strokes are:
1. Intake stroke - The intake valve opens up, letting in air and moving the piston down.
This piston's downward move creates underpressure. As long as the inlet valve is
open, the combustion chamber is filled up with atmospheric air which may also co ntain exhaust gas if a recirculation system is available.
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2. Compression stroke - The piston moves upwards until it reaches the top dead center
(TDC). The increased compression (25 - 55 bar) causes an increase in air temperature (600 - 900C) which is almost twice the auto ignition temperature of the fuel.
3. Combustion stroke - As the piston reaches the top, fuel is injected at just the right
moment and ignited, forcing the piston back down.
4. Exhaust stroke - The piston moves back to the top, pushing out the exhaust created
from the combustion out of the exhaust valve. The pressure sharply decreases to 3 4 bar and progressively reaches that of air and the exhaust valve closes.
Remember that the diesel engine has no spark plug, that it intakes air and compresses it,
and that it then injects the fuel directly into the comb ustion chamber (direct injection). It
is the heat of the compressed air that lights the fuel in a diesel engine. In the next section, we'll examine the diesel injection process. (Brain Marshall, "How diesel engines
work", April 2000)
Figure 4-2: The four-stroke diesel cycle

4.3 Hybrid
Hybrid cars combine and use two energy sources. Thermodynamic derived from internal combustion engines and electric derived from electric motors. Batteries, generators
and transformers are essential for combined operation. A hybrid car can move by either
one of the two engines or their combination. Electric motors undertake movement on
every start and low speed routes while on open roads gasoline /diesel engines take control. When maximum power is required, then the combined operation of both ensures it.
Hybrid car batteries are charged by a generator which operates thanks to gasoline e ngine. More specifically, the chemical energy of the fuel is converted into kinetic energy.
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The kinetic energy is then converted into electric through the generator and is discharged to the electric motor which converts it back to kinetic by moving the wheels.
The leftover electric energy is stored in batteries and so we have almost all the advantages of an electric motor with the autonomy of gasoline.
The combined use of the two engines ensures economical transportation. Gasoline engine is more efficient when it operates in specific rpm, giving energy to the generator.
In contrast, on a conventional car we have high fuel consumption in the engine due to
the requirement of operating under a wide range of rpm in order to satisfy all the needs.
Electric motor operates with low fuel consumption providing huge torque at all times,
which is necessary for starting a stationary vehicle, and the required power if this is low
(for speeds below 50km/h). That solves the problem of the excessive "start-stop" consumption within the cities and is assisted from gasoline engines when it comes to higher
power needs. An optimum use of the advantages of each engine, and hence of the energy produced, is provided by this way, reducing energy consumption by 40%-50% which
implies saving in fuels and a significant reduction in emissions.
The advantages of hybrid technology can be summarized in the following points:


Low fuel consumption



Lower emissions



Possibility of harmonizing with current technology of internal combustion engines.

Figure 4-3: The four mode of hybrid system operation

Sources: Car-emissions.com, GreenCarReports.com
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4.4 Electric Vehicles
Electric car is a vehicle which uses, for its transportation, the energy that is stored in a
battery pack. Batteries are the main energy source of EVs and are used to feed electr ic
motors so as to move the wheel or shaft. What differentiates EVs from conventional vehicles is the exclusive use of electric motor rather than internal combustion engine.
Moreover, an important feature of EVs is that they have higher coefficient of performance from all internal combustion cars.
Electric car should not be confused with hybrid car, because the latter uses electric motors too but combined with internal combustion engines.
EVs consist of 3 main parts, controller, battery, motor, and its function is relatively
simple. The accelerator pedal is connected with a pot box (potentiometer), which
measures the force that a driver applies on pedal. The pot box then sends a signal to the
controller, telling him how much energy the battery should give to the motor.
Figure 4-4: Anatomy of an EV

Source: electronica.mk
The batteries used in electric cars are rechargeable and usually come in these forms:


Nickel-cadmium (NiCad)



Lead-acid



Nickel metal hydride (NiMH)
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Lithium Ion (LiON)



Lithium- ion polymer

Batteries energy production is measured in Kilowatt hours (KWh) which show how
much energy a battery can save or produce.
Compared with cars that use internal combustion engines, electric vehicles are much
cleaner when it comes to exhaust gases, as they do not require any combustion for producing energy and thus they produce no gases.

4.4.1

Advantages of EVs

The most important benefit of EVs is the fact that their use does not produce any evaporation pollutant gases. They use electricity mainly coming from renewable energy
sources and therefore they are considered to cause the least possible pollution in a long
term basis.
Electric vehicles reduce oil dependence and they can somehow mitigate global warming
caused by greenhouse effect.
Moreover, they are more quite than internal combustion vehicles and finally, they have
a significantly lower cost due to the fact that we don't use gasoline any more, the cost of
which is continuously increasing, but also because EVs maintenance costs are considerably less.

4.4.2

Disadvantages of EVs

Besides their advantages, EVs hold significant disadvantages too, which don't allow
their development and spread. The most important of these is manufacturing cost and
hence the cost of selling them to public.
The rest of the disadvantages lie mainly to battery use. In particular, in each battery recharging, the permitted distance travelled by an EV is reduced. Furthermore, batteries
have a large recharging time (6-7 hours for every recharge) and a limited lifetime due to
the fact that after a certain number of kilometers driven the battery is considered inappropriate and should be replaced.
Using electric cars increase, in some ways, energy demand since the energy used to
charge them comes from power plants that burn fossil fuels.
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4.5 Fuel Cells
Fuel cell technology is based on using a mixture of hydrogen and oxygen which substitutes conventional fuel. The reaction of these two (electrolysis) generates heat and water, which makes it environmental friendly. The fuel used is pure hydrogen or hydrocarbons (such as methanol etc), which are stored in a special tank or can even be produced
on vehicles, and the necessary oxygen is absorbed from the atmosphere. There are many
types of cells that are used in different applications, the most widespread of which are
those using a special catalyst, the polymeric membrane (Polymeric Electrolyte Me mbrane, PEM). The voltage, which is necessary for current's circulation, is generated
through this membrane as shown in the following figure:
Figure 4-5: Chemical reaction of a PEM fuel cell function

Source: Wikipedia
The available options regarding fuel cells, and some of their characteristics, are listed
below (according to U.S Department of Energy):
a) Polymeric Electrolyte Membrane (PEM)
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Efficiency: 60%



Operating temperature: 50-100C, usually 80C



Typical power layout: 1-100KW



Advantages: reduced corrosion, low temperature operation, quick start- up



Disadvantages: cost, sensitivity

b) Alkaline Fuel Cell (AFC)


Efficiency: 60%



Operating temperature: 90-100C



Typical power layout: 10-100KW



Advantages: low cost, higher performance in the case of alkaline electrolyte



Disadvantaged: sensitivity, electrolyte management

c) Phosphoric Acid Fuel Cell (PAFC)


Efficiency: 40%



Operating temperature: 150-200C



Typical power layout: 400KW, 100KW module



Advantages: increased tolerance to impurities, higher performance at higher
temperatures



Disadvantages: long start-up time, low power, low current intensity

d) Molten Carbonate Fuel Cell (MCFC)


Efficiency: 45-50%



Operating temperature: 600-700C



Typical power layout: 300KW-3MW, 300KW module



Advantages: increased tolerance to impurities, fuel flexibility



Disadvantages: increased corrosion, long start-up time, low power density

e) Solid Oxide Fuel Cell (SOFC)


Efficiency: 60%



Operating temperature: 700-1000C



Typical power layout: 1KW-2MW



Advantages: increased tolerance to impurities, fuel flexibility



Disadvantages: increased corrosion, long start-up time
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It can be observed that the cells operating in the lower temperature range are the PEM,
which explains their wide implementation. A key disadvantage of this specific techno logy is the storage or production of, necessary for the process, hydrogen.

4.6 Biofuels
4.6.1

Biofuels

Solid, liquid or gases fuels that are produced from biomass, that is, the biodegradable
fraction of products or waste of various human activities, are characterized as biofuels..
They are made from organic products and are considered renewable fuels. As renewable, they have the characteristic of lower CO 2 emissions in their total life cycle compared to conventional fossil fuel, which depends directly on their origin, their use and
their method of production or distribution. These fuels, during combustion, emit approximately equal amounts of CO 2 with those derived from petroleum. But, since they
are from organic sources, the carbon they contain is committed during the development
of the organic matter from the atmosphere where it returns after combustion and so the
emissions balance throughout biofuels life cycle is theoretically zero.
Figure 4-6: International perspectives on the spread of biofuels

Source: IEA
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4.6.2

Biodiesel

A promising biofuel, similar and excellent substitute of diesel, is biodiesel, which is derived from renewable energy sources (biomass) such as vegetable oils and animal fats.
It is widely used throughout Europe and is considered as the most widespread biofuel
that can be used unchanged and also in several proportions on mixes with conventional
diesel.
4.5.2.1 Comparison of biodiesel and conventional diesel
Biodiesel is clean, non-toxic fuel, does not contain aromatic compounds and pollutant
emissions of sulfur dioxide, carbon monoxide, unburned hydrocarbons and soot, that
come from its combustion on diesel engines, are very low. The presence of sulfur in
fuels is responsible for sulfur oxides (SOx) in exhaust gases whic h constitute one of the
main pollutants of diesel. In biodiesel, the sulfur content is very low, almost zero. Furthermore, biodiesel contains enough oxygen (about 10%) which makes combustion less
incomplete, resulting in much lower content of carbon monoxide (CO), unburned hydrocarbons, and coal dust (C) in exhaust gases, than in conventional diesel. Moreover,
the combustion of biodiesel does not increase carbon's dioxide levels in the atmosphere
(which is responsible for greenhouse effect), since the amount of CO 2 being released
during combustion is then absorbed by the plant during photosynthesis. Figure 4.7
summarizes the typical emission profile from the combustion of pure biodiesel (B100)
and one of its most common mixes with conventional diesel which consists of 20% biodiesel and 80% diesel (B20), using as reference the emissions from the combustion of
conventional diesel.
Figure 4-7: B100 & B20 emissions in comparison to conventional diesel

Source: Agroenergy
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Besides the fact that biodiesel has the advantage of a renewable fuel, it also displays
physicochemical properties similar to conventional diesel, while in some cases has even
better characteristics than that, as higher flash point and therefore is safer to be used,
less sulfur quantity but higher lubricity due to oxygen that it contains and higher cetane
number.
Adding biodiesel in petroleum diesel, even in concentrations of less than 1%, restores
the lubricity of the fuel and therefore, by using biodiesel, diesel engine's life is extended
and refineries save a lot of money. The larger cetane number of biodiesel over conve ntional diesel compensates the fact that during its combustion biodiesel releases less e nergy than conventional diesel. Thus, the efficiency of a diesel engine powered by pure
biodiesel ranges at least at levels of diesel. In addition, biodiesel is suitable for existing
diesel engines, where there is no need for making any conversion, even if pure biodiesel
is used.

4.6.3

Bioethanol

Bioethanol, which is ethanol or ethyl alcohol (C 2 H5 OH), is the first liquid biofuel that
was used as a substitute of gasoline in vehicles. It is mainly produced from sugar using
the method of alcoholic fermentation. It can also be synthesized industrially through the
reaction of ethylene with steam.
Raw materials for the production of first generation bioethanol are sugary crops (sugar
beet, sweet sorghum), starch crops (cereals, such as corn, wheat, barley) and others. The
production process comprises the steps of exporting sugar (cutting, extraction) and production of ethanol (alcoholic fermentation, distillation, dehydration).
Raw material for the production of second generation bioethanol are mainly residuals of
agricultural and forestry crops, agricultural industry, forest trees, papers, food etc. The
processes of bioethanol's production from these lignocellulosic residues include hydro lysis of celluloses and hemicelluloses, fermentation etc.

4.6.4

Diesel vehicle technology

Fuel B5 has received approval from all car manufacturers for both in use and new cars.
Using the car does not require any modifications to the engine or the car itself. In co ntrast, using B100 (pure biodiesel) requires some modifications to the circuit of the fuel
and a reduction of oil change intervals.
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Regarding heavy vehicles, there are already models suitable for B100, which fulfill Euro5 standard emissions. As far as passenger cars are concerned, there were models in
the past, using B100, that met Euro3 standard emissions. The standard Euro4 diesel cars
are generally equipped with soot filters, which are generally not authorized for using
with B100 mainly due to serious fuel leakage incidents during the regeneration process
of the ceramic filter with fuel injection.
Mixtures of 2 to 5% vol. biodiesel are available in several European countries. In Ge rmany, due to the imposition of a compulsory 4.4% total percentage of fuel (in energy
basis), the EN590 standard fuel typically contains 5% vol. biodiesel (B5).
The B30 mixture (30% EN14214 biodiesel) is available in several countries (France,
United Kingdom), for using by vehicle fleets, and pure biodiesel (B100) is mainly
available in Germany.

4.6.5

Gasoline vehicle technology

E5, which follows the EN228 specification, has been approved by all manufact urers for
using in new or existing vehicles without any required conversion. E10 is also compatible with the majority of cars, except from those with direct injection engines with first
generation injection systems.
However, E85 requires modifications to the circuit of the fuel and to the engine because
of ethanol's corrosiveness and her worse properties on cold start. Some manufactures
offer the so-called Flex Fuel Vehicles with approval for using E85, pure gasoline and
any of their mixtures, mainly in Swedish market and partly in France and Germany.
The current European standard for EN228 gasoline allows mixing 5% of ethanol (E5) or
15% ETBE (Ethyl tert-butyl Ether) in gasoline. A renewal of the European directive
about fuel quality, which will allow mixing of ethanol up to 10%, is already under discussion.
In several European countries ETBE is mixed in gasoline. E85 is common in several
countries like Sweden, France and Germany.
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4.7 Liquefied Petroleum Gas & Compressed Natural
Gas
4.7.1

Liquefied Petroleum Gas

Liquefied petroleum gas (LPG) consists of a propane (C 3 H8 ) and butane (C 4 H10 ) mix.
The ratio of these gases in the mixture of LPG varies from country to country but usua lly propane represents the 80-95% of the gas mix. LPG is produced in two ways: as a
distillate from the refining of crude oil and as a byproduct of extraction from gas fields
along with natural gas.
Figure 4-8: LPG car

Vehicles running on LPG are similar to ordinary vehicles powered by gasoline but differ in storage and supply of fuel to the vehicle. At atmospheric pressure conditions,
LPG is gas but it liquefies at relatively moderate pressure (approximately 20 bar). That
is why LPG is stored in vehicle's fuel tank as a liquid and with about 25 bar pressure,
but is supplied to the engine as a gas.
The majority of LPG vehicles in Europe have both a gasoline and an LPG tank and they
can move with one of the two fuels by simply flicking a switch. The on road perfo rmance and power of LPG vehicles are similar to those moving with gasoline. However,
an LPG vehicle usually consumes 20-25% more fuel per energy from a gasoline one,
and 30-40% more than a diesel.
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Most gasoline vehicles can be converted to LPG but the conversion of diesel is generally not practical because of the increased cost and complexity in installing sparks, changing the compression ratio of the engine etc. Any conversion of a factory car to an LPG
must be accompanied by an additional warranty in orde r to cover every aspect of the
warranty terms set by the manufacturer and may have been cancelled due to the conve rsion.
A good vehicle fueled by LPG has a small advantage over a gasoline and emits 5-10%
less CO 2 and slightly less percentage of HC and NOx. Compared with diesel, LPG usually emits about the same amount, or slightly more, of CO 2, but it also emits far less particulate matter and NOx if the diesel vehicle is not equipped with exhaust processing
system. The environmental benefits of LPG vehicles, compared to diesel and gasoline,
have declined in recent years due to the fact that conventional vehicles are now much
less pollutant.
Efficient LPG cars cost about 1500-2000€ more than the gasoline equivalent, while a
good and proper conversion also costs about the same amount. LPG's market price is
approximately half the price compared to gasoline and diesel but LPG vehicles yield
fewer kilometers per liter of fuel (i.e. lower mileage per amount of gas equivalent to one
liter of gasoline) ad total cost of LPG consumption is about 5% less than diesel's and 20
less than gasoline's.

4.7.2

Compressed Natural Gas

Natural gas consists mainly of methane (CH4 ) and is the same gas that is widely used
for heating, cooking etc. In fact, natural gas consists of 70% up to 90% methane and the
remaining percentage consists of ethane, propane and butane. Natural gas is a fossil fuel
extracted from very large underground deposits, such as those in the North and in the
Caspian Sea.
Natural gas vehicles have internal combustion engines with ignition and are similar to
gasoline but with different storage and supply of fuel systems. When compressed, nat ural gas is not liquefied and therefore it is stored on the vehicle as compressed natural gas
(CNG) under very high pressure, usually 200 bar, or as cryogenic liquefied natural gas
(LNG) at temperatures below -180C. Between these two types, storing gas as co mpressed natural gas is the most common because of the cost and energy required for the
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production of liquefied natural gas, and because of induced problems due to gasification
(boiling) during distribution and use of LNG.
Figure 4-9: CNG car

Gas vehicles, in general, are very friendly to the environment concerning greenhouse
gas emissions, i.e. emissions that affect people's health such as flying particles (PM),
carbon monoxide (CO) and nitrogen oxides (NOx). They have almost zero particulate
emissions which gives them a great advantage over diesel and is one of the main reasons for replacing heavy diesel vehicles with natural gas.
Vehicles using exclusively natural gas usually have methane catalysts appropriately designed to detain and remove the relatively high emissions of methane emitted from vehicles. Methane catalysts cannot be installed on dual fuel or with fuel mix vehicles and
thus these vehicles are problematic regarding methane emissions and greenhouse effect.
A natural gas vehicle operating at relatively high loads usually emits about 20% less
CO 2 than a similar vehicle running with gasoline and 5-10% less than a diesel. However, especially in urban congestion, diesel's engine efficiency advantage at low loads disprove the above advantage of natural gas resulting in similar CO 2 emissions levels from
both diesel and natural gas vehicles.
As with the other alternative fuel vehicles, natural gas vehicles are characterized with
higher purchase costs but lower fuel costs. Additionally, the cost of building a refueling
natural gas vehicles station is also high (significantly higher than LPG) and these stations are business sustainable only when they refuel a relatively high number of vehicles. This is an important problem in the dissemination of natural gas vehicles as fuel
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companies are reluctant to construct gas refueling stations until there is sufficient number of vehicles, while users are reluctant to buy these vehicles until there is an adequate
refueling stations network.

4.8 Technology & Fuel Readiness Level
The following figures present the readiness level of fuels and powertrain technologies.
They show which of them are already being used, which are still on basic research and
when they are estimated to be ready.
Figure 4-10: Energy and Fuel

Source: Hellenic Institute of Transport
Figure 4-11: Powertrain Technologies

Source: Hellenic Institute of Transport
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5 Scenario Analysis
5.1 Methodology
In order to perform an energy demand analysis, forecast demands and emissions and
analyze saving potentials for different scenarios, this thesis will be divided into three
parts:




Travel demand estimation
Estimation of energy demand and emissions
Analysis of alternative scenarios

Figure 5-1: Projecting energy demand and emissions
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Travel Demand Estimation

Travel demand can be defined as the vehicle kilometer of travel (VKT) and is the ave rage distance that a vehicle has traveled in one year. The values for each vehicle's ave r-
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age distance traveled

used in this study were obtained from Emisia SA

(www.emisia.com) and are shown in Table 5.1 below:
Table 5-1: Average travel distance in base year 2010

Some technologies, for the base year 2010, were not available, or their penetration in
the market was extremely little, and that's why their km/year values are zero.
The total travel demand of vehicles is given from the equation TDi,t = NVi,t * VKTi

,

where TDi,t is the total travel demand of vehicles of type i in year t, NVi,t is the number
of vehicles of type i in year t and VKTi is the average vehicle kilometer of travel of vehicle type i.
The number of registered vehicles (cars and trucks) was taken from Emisia SA
(www.emisia.com) and is 5.216.873 and 1.026.362 for cars and trucks respectively.
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5.1.2

Estimation of energy demand and emissions

The energy demand of fuel type by each vehicle type can be calculated by the equation
EDij,t = TDi,t * PVij * FEij, where EDij,t represents the energy demand of fuel type j by
vehicle type i, TDi,t is the total travel demand of vehicles of type i in year t, PVij is the
proportion of vehicle type i which used fuel type j (percentage) and FEij is the fuel
economy of fuel type j by vehicle type i.
The types of fuel used are classified into eight main groups: Gasoline, Diesel, Electricity, Hydrogen, Methanol, Ethanol, Biodiesel, Compressed Natural Gas (CNG), Liquefied
Petroleum Gas (LPG)
The proportions of fuels used were obtained from Emisia SA or assumed zero for fuels
with no or very little penetration and are shown in Table 5.2:
Table 5-2: Proportion of fuel

The energy intensity of a vehicle is usually presented in terms of fuel economy, which
is the average fuel consumption of a vehicle per distance traveled. Most of the values
used in this study were obtained from Emisia SA and some, for which there were no
data, were calculated according to estimates from the U.S. Environmental Protection
Agency (EPA) and laboratory tests conducted by the manufacturers. These values can
be seen in the following Table.
Table 5-3: Estimated fuel economy of vehicles in base year 2010
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The emissions of vehicles, which are the products of each type of fuel used by vehicles
and their emission factors, can be calculated by the equation EMijk,t = EDij,t * EFjk *
GWPk, where EMijk,t is the amount of the emission of substance k from fuel type j by vehicle type i in year t, EDij,t represents the energy demand of fuel type j by vehicle type i,
EFjk is the emission factors of substance k from fuel type j in year t and GWPk is the
emission conversion factors of substance k.
To estimate the emissions from the energy consumption, for this study, the emission
factors were obtained from the Intergovernmental Panel on Climate Change (IPCC),
which is included in the Technology Environmental Database (TED) in the Long-range
Energy Alternative Planning (LEAP) software and from U.S. Environmental Protection
Agency (EPA).
Finally, for the base year 2010, biodiesel (B100) vehicle fleet was assumed to be the 7%
of the total diesel fleet, that is approximately 10500 cars and 32700 trucks.
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5.1.3

Analysis of alternative scenarios

For future projections, 2010 has been selected as the base year and a planning horizon
up to 2035 is considered. Results of the analyses are carried out at a five year interval,
i.e. 2015, 2020, 2025, 2030, 2035. Moreover, scenarios are constructed for business-asusual, which is a "most likely" to happen scenario, and alternative policies for future
and the implications on energy and environmental emissions under these scenarios are
analyzed.
5.1.3.1 Business-As-Usual scenario
Business-as-usual energy demand model was established following the assumptions that
at the end year 2035 the sales share of fuels will be as it can be seen at Tables 5.4 - 5.5,
because of governmental transportation policies such as introduction of alternative fuels
(biofuels, hydrogen, CNG etc.), promotion of economical driving, taxation of new cars
according to CO 2 emissions, replacement of old polluted private vehicles, technical inspections on vehicles and more.
Table 5-4: Sales share of car technologies and fuel per technology

Table 5-5: Sales share of truck technologies and fuel per technology
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Furthermore, end year sales are assumed to grow by 6% and 4% for cars and trucks respectively, fuel economy is assumed to improve about 10%, following efficiency trends
(World Energy Outlook, 2010) and mileage is assumed to stay constant for technologies
already existing and increase for technologies that will be introduced in the near future.
Tables 5.6-5.7 shows these values with the included assumptions.
Table 5-6: Fuel economy of vehicles at the end year 2035

Table 5-7: Average travel distance at the end year 2035
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5.1.3.2 Scenarios 1-17
In scenarios 1-17, the basic assumptions (such as 10% improvement on fuel economy)
are inherited from BAU and the changes that are being made in each scenario are the
following: Scenarios 1-3 present an introduction of biofuels sales against ICE, 4 and 5
present a gas sales introduction against ICE, 6 and 7 a fuel cells sales introduction
against ICE, 8-10 presents EVs sales introduction against ICE and scenarios 11-13 show
hybrid sales introduction against ICE. Finally, scenarios 14, 15 present a growth in ICE
sales against alternative fuels and 16, 17 a sales introduction of different technologies of
alternative fuels against ICE.
Scenario 1: Introduction of biofuels is increasing to 10%, from 5% in BAU, with a 5%
decrease in the share of internal combustion engines, from 80 to 75%.
Table 5-8: Penetration of alternative technologies (biofuels) - Scenario 1
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Scenario 2: Introduction of biofuels is increasing to 15%, from 5% in BAU, with a 10%
decrease in the share of internal combustion engines, from 80 to 70%.
Table 5-9: Penetration of alternative technologies (biofuels) - Scenario 2

Scenario 3: Introduction of biofuels is increasing to 20%, from 5% in BAU, with a 15%
decrease in the share of internal combustion engines, from 80 to 65%.
Table 5-10: Penetration of alternative technologies (biofuels) - Scenario 3

Scenario 4: Introduction of gas is increasing to 10%, from 5% in BAU, with a 5% decrease in the share of internal combustion engines, from 80 to 75%.
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Table 5-11: Penetration of alternative technologies (gas) - Scenario 4

Scenario 5: Introduction of gas is increasing to 15%, from 5% in BAU, with a 10% decrease in the share of internal combustion engines, from 80 to 70%.
Table 5-12: Penetration of alternative technologies (gas) - Scenario 5

Scenario 6: Introduction of fuel cells is increasing to 3%, from 2% in BAU, with a 1%
decrease in the share of internal combustion engines, from 80 to 79%.
Table 5-13: Penetration of alternative technologies (fuel cells) - Scenario 6

Scenario 7: Introduction of fuel cells is increasing to 4%, from 2% in BAU, with a 2%
decrease in the share of internal combustion engines, from 80 to 78%.
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Table 5-14: Penetration of alternative technologies (fuel cells) - Scenario 7

Scenario 8: Introduction of EVs is increasing to 4%, from 3% in BAU, with a 1% decrease in the share of internal combustion engines, from 80 to 79%.
Table 5-15: Penetration of alternative technologies (EVs) - Scenario 8

Scenario 9: Introduction of EVs is increasing to 5%, from 3% in BAU, with a 2% decrease in the share of internal combustion engines, from 80 to 78%.
Table 5-16: Penetration of alternative technologies (EVs) - Scenario 9

Scenario 10: Introduction of EVs is increasing to 6%, from 3% in BAU, with a 3% decrease in the share of internal combustion engines, from 80 to 77%.
-57-

Table 5-17: Penetration of alternative technologies (EVs) - Scenario 10

Scenario 11: Introduction of hybrids is increasing to 7%, from 5% in BAU, with a 2%
decrease in the share of internal combustion engines, from 80 to 78%.
Table 5-18: Penetration of alternative technologies (hybrids) - Scenario 11

Scenario 12: Introduction of hybrids is increasing to 10%, from 5% in BAU, with a 5%
decrease in the share of internal combustion engines, from 80 to 75%.
Table 5-19: Penetration of alternative technologies (hybrids) - Scenario 12

Scenario 13: Introduction of hybrids is increasing to 12%, from 5% in BAU, with a 7%
decrease in the share of internal combustion engines, from 80 to 73%.
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Table 5-20: Penetration of alternative technologies (hybrids) - Scenario 13

Scenario 14: Introduction of ICE is increasing to 85%, from 80% in BAU, with a 1%
decrease in the share of the alternative fuels, that is, hybrid from 5% to 4%, EVs from
3% to 2%, fuel cells from 2% to 1%, biofuels and gas from 5% to 4%.
Table 5-21: Penetration of ICE against alternative fuels - Scenario 14

Scenario 15: Introduction of ICE is increasing to 90%, from 80% in BAU, with a decrease in hybrid, from 5% to 2%, EVs from 3% to 1%, fuel cells from 2% to 1%, biofuels from 5% to 3% and gas from 5% to 3%
Table 5-22: Penetration of ICE against alternative fuels - Scenario 15

-59-

Scenario 16: Introduction of different sales shares of alternative fuels, against ICE, is
increasing, that is, hybrids from 5% to 6%, EVs from 3% to 4%, fuel cells from 2% to
3%, biofuels and gas from 5% to 6%
Table 5-23: Penetration of ICE against alternative fuels - Scenario 16

Scenario 17: Introduction of different sales shares of alternative fuels, against ICE, is
increasing, that is, hybrids from 5% to 8%, EVs from 3% to 4%, fuel cells from 2% to
3%, biofuels from 5% to 8% and gas from 5% to 7%.
Table 5-24: Penetration of ICE against alternative fuels - Scenario 17
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6 Results
Energy related emissions as well as energy demand can be calculated by taking into account average fuel economy and total travel demand. The results and analyses for eac h
scenario and comparisons between them are presented below.

6.1.1

Business-As-Usual Scenario

From the forecasting model, it is predicted that the number of vehicles will increase
from 6.5 million vehicles in 2010 to 7.3 million vehicles in 2020 and almost 11 million
vehicles in 2035 accounting for 2% annual average growth rate as presented in Figure
6.1.
Figure 6-1: Number of vehicles, BAU

Figure 6.2 and Table 6.1 below, show how this number of vehicles is distributed to different technologies at a 5-year interval:
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Figure 6-2: Number of vehicles distributed to different technologies, BAU

Table 6-1: Number of vehicles, BAU (thousand vehicles)

The total energy demand in the Greek road transport sector, in the BAU scenario, is e xpected to increase from 246,4 million gigajoules (corresponding to 5,885Mtoe approximately) in 2010 to 359,8 million gigajoules in 2035, accounting for 1.5% annual average growth rate. Trucks appear to have the highest energy demand between two modes,
in the base year 2010, with about 53% share of the total demand and cars have higher
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demand at the end year, 2035, with about 57% share as it is presented in Figures 6.3 and
6.4 below.
Figure 6-3: Energy demand of vehicles, BAU

Figure 6-4: Energy demand of vehicles distributed in different technologies

Considering the environmental impact, CO 2 and GHG emissions in terms of million
metric tonnes of CO 2 equivalent will increase from 18.7 in 2010 to 27 in 2035 as shown
in Figure 6.5, with an average annual growth rate of 1.5%.
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Figure 6-5: Environmental Effects, BAU

6.1.2

Alternative scenarios

In scenarios 1-3, an introduction of biofuels vehicles against internal combustion engine
vehicles, in terms of sales, and a comparison between them and BAU is made and it is
presented on the following Figures and Tables.
The total number of vehicles stays almost constant, for the end year 2035, in all the
scenarios, but the distribution of them in different technologies is slightly different as it
can be observed from Figure 6.6 and Table 6.2.
Figure 6-6: Number of vehicles
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Table 6-2: Number of vehicles (thousand vehicles, year 2035)

Total energy demand of vehicles for the year 2035, compared to BAU, is a little higher
in these 3 scenarios. This difference is shown on Figure 6.7 and Table 6.3.
Figure 6-7: Total energy demand of vehicles
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Table 6-3: Total energy demand of vehicles (million gigajoules, year 2035)

Considering environmental emissions, scenarios 1, 2 and 3 appear to cause slightly less
pollutant emissions, 26.9, 26.7 and 26.6 million metric tonnes of CO 2 equivalent respectively, compared to the 27 6 million metric tonnes of CO 2 equivalent of BAU.
Figure 6-8: Environmental Effects (million metric tonnes CO2 equivalent)
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Table 6-4: Environmental Effects (million metric tonnes CO2 equivalent)

In scenarios 4 and 5, an introduction of gas vehicles against internal combustion engine
vehicles and a comparison between them and BAU is made and it is presented below.
The total number of vehicles stays almost constant, for the end year 2035, in all the
scenarios, but the distribution of them in different technologies is slightly different as it
can be observed from Table 6.5.
Table 6-5: Number of vehicles (thousand vehicles, year 2035)

Total energy demand of vehicles for the year 2035, compared to BAU, is lower with
scenario 5 having the lowest energy demand among them, 355.5 million gigajoules.
This difference is presented on Figure 6.9 and Table 6.6.
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Figure 6-9: Total energy demand of vehicles

Table 6-6: Total energy demand of vehicles (million gigajoules, year 2035)

Scenario 5 appears to have the lowest environmental emissions, compared to BAU and
scenario 4, with 26.5 million metric tonnes of CO 2 against 27 and 26.8 of BAU and scenario 4 respectively as we can see below.
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Table 6-7: Environment Effects (million metric tonnes CO2 equivalent)

Figure 6-10: Environmental Effects

In scenarios 6 and 7, an introduction of fuel cells vehicles against internal combustion
engine vehicles and a comparison between them and BAU is made and the results are
shown below.
The total number of vehicles stays almost constant, for the end year 2035, in all the
scenarios, but the distribution of them in different technologies is slightly different as it
can be observed from the following Table 6.8.
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Table 6-8: Number of vehicles (thousand vehicles, year 2035)

Total energy demand of vehicles for the year 2035, compared to BAU, is lower with
scenario 7 having the lowest energy demand among them, with 357.9 million gigajoules. Figure 6.11 and Table 6.19 present the difference mentioned above.
Figure 6-11: Total energy demand of vehicles
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Table 6-9: Total energy demand of vehicles (million gigajoules, year 2035)

Scenario 7 appears to have the lowest environmental emissions, compared to BAU and
scenario 6, with 26.8 million metric tonnes of CO 2 against 27 and 26.9 of BAU and scenario 6 respectively as we can see below.
Table 6-10: Environmental Effects (million metric tonnes CO 2 equivalent)

-71-

Figure 6-12: Environmental Effects (million metric tonnes CO 2 equivalent)

In scenarios 8 - 10, an introduction of electric vehicles against internal combustion engine vehicles and a comparison between them and BAU is made and the results are
shown below.
The total number of vehicles stays almost constant, for the end year 2035, in all the
scenarios, but the distribution of them in different technologies is slightly different as it
can be observed from Table 6.11.
Table 6-11: Number of vehicles (thousand vehicles, year 2035)
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Total energy demand of vehicles for the year 2035, compared to BAU, is lower with
scenario 10 having the lowest energy demand among them, with 356.6 million gigajoules. Figure 6.13 and Table 6.12 present the mentioned difference.
Figure 6-13: Total energy demand of vehicles

Table 6-12: Total energy demand of vehicles (million gigajoules, year 2035)
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Scenarios 9 and 10 have the lowest environmental emissions, compared to BAU and
scenarios 8, with 26.8 million metric tonnes of CO 2 against 27 and 26.9 of BAU and
scenario 8 respectively as we can see below.
Table 6-13: Environmental Effects (million metric tonnes CO 2 equivalent)

Figure 6-14: Environmental Effects (million metric tonnes CO 2 equivalent)

In scenarios 11 - 13, an introduction of hybrid vehicles against internal combustion e ngine vehicles and a comparison between them and BAU is made and the results are
shown below.
The total number of vehicles stays almost constant, for the end year 2035, in all the
scenarios, but the distribution of them in different technologies is slightly different as it
can be observed from Table 6.14.
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Table 6-14: Number of vehicles (thousand vehicles, year 2035)

Total energy demand of vehicles for the year 2035, compared to BAU, is lower with
scenario 13 having the lowest energy demand among them, with 355.3 million gigajoules. Figure 6.15 and Table 6.15 present the mentioned difference.
Figure 6-15: Total energy demand of vehicles
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Table 6-15: Total energy demand of vehicles (million gigajoules, year 2035)

Scenario 13 has the lowest environmental emissions, compared to BAU and scenarios
11 and 12, with 26.6 million metric tonnes of CO 2 against 27 and 26.9 and 26.7 of BAU
and scenarios 11 and 12 respectively as we can see below.
Table 6-16: Environmental Effects (million metric tonnes CO 2 equivalent)
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Figure 6-16: Environmental Effects (million metric tonnes CO 2 equivalent)

In scenarios 14 - 17, ICE's vehicle sales share take values from 70 to 90% with a respective impact on alternative technologies sales share (either increase or decrease). A
comparison between them and BAU is made and the results are shown be low.
The total number of vehicles stays almost constant, for the end year 2035, in all the
scenarios, but the distribution of them in different technologies is slightly different as it
can be observed from Table 6.17.
Table 6-17: Number of vehicles (thousand vehicles, year 2035)

Total energy demand of vehicles for the year 2035, compared to BAU, is higher in scenarios 14 and 15, which are the scenarios with an increase of ICE vehicles sales share
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from 80% to 85% and 90% (and a decrease on sales share of alternative technologies),
with 362.6 and 365.2 million gigajoules respectively and lower in scenarios 16 and 17
with 356.9 and 355.7 million gigajoules respectively (these scenarios have an increase
in alternative technologies and a decrease in ICE vehicles). Figure 6.17 and Table 6.18
present the results.
Figure 6-17: Total energy demand of vehicles

Table 6-18: Total energy demand of vehicles (million gigajoules, year 2035)

-78-

Scenario 17 has the lowest environmental emissions, compared to BAU and scenarios
14, 15 and 16 with 26.5 million metric tonnes of CO 2 and scenario 15 has the highest
emissions with 27.6 million metric tonnes of CO 2 as we can see below.
Table 6-19: Environmental Effects (million metric tonnes CO 2 equivalent)

Figure 6-18: Environmental Effects (million metric tonnes CO 2 equivalent)

The model predicted that the implementation of scenario 5 would lead to a decrease,
more than other scenarios, in energy demands and environmental emissions in the
Greek road transport sector, compared to BAU scenario. The following figures show the
resulting decrease in the end year 2035, 1.3% in energy demands and 2% in emissions,
from the implementation of these policies.
-79-

Figure 6-19: Energy demand comparison between BAU and scenario 5

Figure 6-20: Emissions comparison between BAU and scenario 5
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7 Conclusions
The future energy demand in the Greek road transport sector was analyzed via the
LEAP model for different scenarios. By using the forecasting models, the number of
vehicles, the energy demands and the associated emissions for various future scenarios
with different technology options were examined and presented in this study.
The results show that the number of vehicles is 6.4 million and increases to approximately 11 million vehicles in 2035, for all the scenarios, accounting for 2.2% average
annual growth rate. Due to this increase in vehicle fleet in the road transport sector, the
energy demands are going to increase from 246.4 million gigajoules (5.885Mtoe approximately) to around 360 million gigajoules (8.598Mtoe approximately) accounting
for 1.5% average annual growth rate (BAU scenario). The emissions in terms of million
metric tonnes CO 2 equivalent would increase from 18.7 million tonnes in 2010 to approximately 27 million tonnes in 2035 (BAU scenario).
Considering the emissions of all scenarios we conclude that scenarios 5 and 13, that is
an increase in sales share of gas vehicles by 15% or an increase in sales share of hybrid
vehicles by 12% respectively against a decrease in sales of ICE vehicles to 70% and
73% respectively would reduce environmental emissions of vehicles in the Greek road
transport sector by 2% compared to the BAU scenario, 26.5 million metric tonnes of
CO 2 equivalent against 27 million tonnes respectively.
For the energy demand, it is predicted that scenario 13, that is an increase in sales of
hybrid vehicles by 12% against a decrease in sales of ICE vehicles to 73%, would reduce energy demand of vehicles by 1.3% compared to the BAU scenario, 355.3 million
gigajoules against 359.8 million respectively.
The worst scenario in terms of both the emissions and the energy demand was scenario
15, that is an increase in sales of ICE vehicles by 10% (from 80% to 90%). This 10%
increase in the sales of ICE vehicles to the detriment of alternative technologies, in scenario 15, appears to be the worst scenario of all with a 1.5% increase in energy demand
and 1.2% increase in pollutant emissions compared to BAU, that is 365.2 million gigajoules and 27.6 million metric tonnes of CO 2 equivalent against 359.8 million gigajoules and 27 million metric tonnes of CO 2 equivalent.
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The alternative scenarios have shown that the continuously increase in energy demands
and pollutant emissions can be limited through the implementation of measures such as
alternative technologies and fuels, improvements on vehicles efficiencies, taxation
schemes for the promotion of renewables etc.
It must be noted that energy demand is affected by various factors such as sudden fuel
prices, consumers behaviors etc. For that reason the results that were predicted in this
study, even though they can illustrate the energy demand trend, may deviate from the
actual energy demand. Moreover, further work, focusing on the financial aspects of using alternative technologies, the infrastructure needed and their social acceptance, is
necessary for final assessment of a policy recommendation.
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