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Foreword � 
I.	Deligkiozi,	D.A.	Charalambopoulos	

“ENERGY	 in	 TRANSPORTATION	 (EinT2016)”	 is	 the	 first	 of	 its	 series	 and	 expands	 the	
“ENVIRONMENT	&	ENERGY	in	SHIPS”	and	“GREEN	TRANSPORTATION”	conferences	held	in	2015	&	
2016	 respectively,	 to	 include	 all	 modes	 of	 Transportation,	 Ship,	 Aviation	 and	 Land.	 The	 1st	
International	Conference	EinT2016	was	organized	by	the	ASHRAE	Hellenic	Chapter	in	collaboration	
with	the	Hellenic	Navy,	the	Technical	Chamber	of	Greece	(TEE)	and	the	Attiko	Metro.	The	event	
was	held	in	Athens,	Hellas	on	November	12,	2016.	

“ENERGY	 in	 TRANSPORTATION”	 targets	 to	 promote,	 develop	 and	 facilitating	 a	 platform	
matching	the	chief	societal,	environmental	and	economic	challenges	that	the	EC	will	face	reaching	
the	2050	strategic	plan.	According	to	the	EC,	a	fundamental	transition	in	Europe’s	energy	roadmap	
is	urged	to	be	directed	towards	a	stable	economy	plan	that	will	no	longer	be	driven	by	fossil	fuels	
and	where	 energy	 security	 will	 start	 to	 be	 based	 on	 harmony	 and	 confidence.	 This	 taking	 into	
consideration	that	the	share	of	oil	will	progressively	decrease	remaining	at	a	moderately	high	level	
since	transportation	 is	predicted	to	remain	dominated	by	oil.	Within	this	roadmap	residents	will	
play	an	important	role	and	actively	contribute	to	the	energy	system,	this	will	be	achieved	by	using	
cutting	edge	technology	to	reduce	the	impacts	thus	vulnerable	consumers	are	not	 left	behind.	A	
global	energy	system,	where	strong	stakeholders	and	inventors	develop	innovative	solutions	and	
technological	 advances	 are	 requested.	 In	 order	 to	 reach	 this	 scope	 the	 EU	 needs	 to	 accelerate	
energy	 efficiency	 and	 decarbonization	 in	 the	 transport	 sector,	 progressively	 switching	 to	
alternative	fuels	and	the	integration	of	the	energy	and	transport	systems.	Within	the	framework	
of	 this	 conference	 various	 topics	 will	 be	 discussed	 that	 span	 across	 engineering	 and	 other	
expertise	providing	 ideas	and	 innovative	 solutions	 in	 terms	of	new	 technologies	 to	 variations	 in	
the	energy	mix,	in	conjunction	with	drivers,	policies,	renewables	and	new	technologies,	reviewing	
market	trends	concerning	economic	efficiency	and	better	use	of	resources.	

A	 total	 of	 14	 speakers	 from	 Hellas,	 Serbia,	 Egypt	 and	 the	 United	 Kingdom,	 presented	 13	
technical	 papers	 that	 are	 included	 in	 these	 Proceedings.	 The	 main	 conference	 topics	 covered	
numerous	 hot	 topics	 on:	 Environmental Management, Environmental Impact Assessment, 
Renewable Energy in Transportation, Energy Security and Power Safety,	Standards & Legislation, 
Life Cycle Assessment in Transportation, Transportation Demands in Infrastructure, Daylighting & 
Artificial Lighting, Advanced Materials and Applications, Upgrading Solutions for Improved Energy 
Performance	

The	program	also	included	ten	key	note	and	invited	speakers:		
• Dr.	Ioanna	Deligkiozi,	President	ASHRAE	Hellenic	Chapter		
• Georgios	Stasinos,	President	Technical	Chamber	of	Greece	(TEE)		
• Commodore	Georgios	Bamblenis	H.N.,	Deputy	Inspector	General	of	the	Hellenic	Navy	
• Dimitris	 A.	 Charalambopoulos,	 ASHRAE	 Hellenic	 Chapter	 Board	 Member,	 ASHRAE	

Conferences	&	Expositions	Committee	Member,	ASHRAE	Planning	Committee	Member	
• Prof.	 Dr.	 Elias	 Yfantis,	 Head	 of	 the	 Naval	 Architecture	 &	 Marine	 Engineering	 Section,	

Hellenic	Naval	Academy	
• Prof.	Dr.	Evangelos	Dialynas,	National	Technical	University	of	Athens	Greece	
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• Prof.	Dr.	Essam	E.	Khalil,	Professor	of	Mechanical	Engineering,	Cairo	University,	Chairman	
Arab	HVAC	Code	Committee,	Deputy	Director	(International)	AIAA	

• Prof.	Dr.	Branislav	Todorović,	Professor	at	 the	University	of	Belgrade,	Permanent	Visiting	
professor,	 South-East	 University	 in	 Nanjing,	 China,	 Editor	 of	 Elsevier's	 Journal	 Energy	 &	
Buildings			

• Prof.	 Dr.	 Yorgos	 Stephanedes,	 Division	 Director,	 Environmental	 and	 Transportation	
Engineering,	Dept.	of	Civil	Engineering,	University	of	Patras,	Greece	

• Prof.	Dr.	Efthimios	Pariotis,	 Section	of	Naval	Architecture	&	Marine	Engineering,	Hellenic	
Naval	Academy	

	
The	Conference	ended	with	an	open	discussion	on	“ASHRAE’s	GLOBAL	FRONTIERS	–	PUSHING	

BEYOND	THE	ENVELOPE”.	

All	 the	presentations	and	videos	 from	 the	conference	are	available	on	 the	ASHRAE	Hellenic	
Chapter’s	website	(http://ashrae.gr/eint2016.php).		

	

We	 specially	 thank	 the	 speakers,	 the	members	of	 the	Conference	Scientific	Committee,	 the	
numerous	 volunteers,	 the	 sponsors	 and	 the	 over	 450	 participants	 that	 made	 this	 a	 successful	
event.		

	

Ioanna	Deligkiozi,	B.Sc.,	M.Sc.,	Ph.D.	
Chemical	Engineer	
Senior	Researcher,	CERTH	
EinB2016	Conference	General	Chair	
ASHRAE	Hellenic	Chapter	President	2016-2017	

Dimitris	A.	Charalambopoulos,	M.Sc.,	MASHRAE,	BEAP  
Mechanical	Engineer	
EinT2016	Conference	General	Chair	
ASHRAE	Hellenic	Chapter	Treasurer	2016-2017	
ASHRAE	Conferences	&	Expositions	Committee		
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Design of a multi-purpose, regional, 
intelligent transportation system with e-

vehicles and solar-energy charging-stations 
Vaia Zacharaki1, Sofia Papanikolaou1, Charitini-Charikleia Boulgaraki1, Dimitrios Tsiamitros1*, 

Dimitrios Stimoniaris1, Stergios Maropoulos1, Yorgos Stephanedes2 
1 Western Macedonia University of Applied Sciences (TEIWM), Koila Kozanis 1, Kozani, 50100, Greece 

2 University of Patras, Ypatias 1, 26500, Rio, Patras, Greece 

ABSTRACT 
The objective of the present study is threefold: To highlight how electro-mobility can: (a) Contribute to the promotion of environmental 

conservation in rural areas (through an integrated solution for reducing the carbon footprint of road facilities and transport), (b) Enhance tourism-
based economic development, (c) Facilitate students in their daily transport, and residents (elderly, disabled, distant-residents) in their daily on-
demand transport. The overall goal is to design an energy-efficient, regional intelligent transportation system with innovative solar-energy charging-
stations for e-vehicles in municipalities with a range of geographically scattered small villages and small cities. The innovative character of the study 
is that it tries to tackle all three specific objectives simultaneously and with the same means, since it utilizes enabling technologies and features of 
Intelligent Transportation Systems (ITS).  The study is adapted and applied to an area with the above characteristics, in order to demonstrate the 
proof of concept. The methodology is adapted to regional needs, and is based on the European Union’s requirements on the promotion of energy 
efficiency towards “green” transport and mobility, and the EU Directive for Intelligent Transportation Systems (ITS).  The first step of the 
method includes the study and design of the optimal route scheduling in the region under newly imposed constraints. This dictates the configuration 
of the electric mini-buses, so that their electric specifications serve as the basis for estimating the power needed to fully charge them. The next step is 
the study regarding the specifications of all the ancillary equipment needed to support the operation of a solar charging-station, i.e. PV panels, 
inverter, batteries and charging controller specifications. Finally, a cost analysis for the solar charging-station will be performed. The methodology is 
to be applied to the municipalities of Prespa and Florina in Greece as well as to the Municipality of Bitola in the Former Yugoslav Republic of 
Macedonia.  

INTRODUCTION  

The Western Macedonia Region offers a great number of tourist attractions; therefore, an intelligent network of 
electric mini-buses will bring added-value to these attractions. Additionally, a cross-border interconnection of these touristic 
sites can be enhanced by a regular cross-border route of a “touristic electric mini-bus”. Such an electric mini-bus 
interconnection can facilitate tourists and the local population to identify many cultural common characteristics between the 
Western Macedonia region and the neighboring country (FYROM).  

Moreover, especially in Prespa Municipality, which consists of small and district residential areas (villages), students 
have to use “traditional/conventional” public transport or taxis in their daily trip to school. Replacing the current transport 
modes with more energy-efficient ones within a regional intelligent transportation system will support the efficient 
realisation of both the tourist promotion of the area and the students’ daily transportation. 

Furthermore, due to the heavy winter periods, residents in this region, and especially elderly, disabled, distant-
residents, face great difficulties in their daily transport. This concept faces this challenge and facilitates residents in these 
Municipalities with the on-demand use of utility electric vehicles (e-vehicles).  

The concept is compatible with the broad EU energy policy context such as Climate-Energy packages, Energy Union 
and decarbonisation of transport, since it creates synergies between Renewable Energy Sources, electricity grid and 
transport users (e.g. services to the grid with smart charging). Further, the solar availability in the region, which is indicated 
for high performance of energy supply through photovoltaic panels, could be exploited for replacing the conventional 
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energy used by current transport, with renewable solar energy.  
Therefore, the main objective of the paper is to present a study of an optimal route scheduling in coordination with 

the design of a photovoltaic charging-station (external parking lot) for the charging of electric mini-buses. 
The methodology is adapted to the regional needs and is based on the European Union’s requirements on the 

promotion of energy efficiency towards “green” transport and mobility, and the EU Directive for Intelligent Transportation 
Systems (ITS). The first step of the method includes the study and design of the optimal route scheduling in the region 
under the newly imposed constraints. This dictates the configuration of the electric mini-buses, so that their electrical 
specifications serve as the basis for estimating the power needed to fully charge them. The next step is the study regarding 
the specifications of all the ancillary equipment needed to support the operation of a solar charging-station, i.e. PV panels, 
inverter, batteries and charging controller specifications. Finally, a cost analysis for the solar charging-station will be 
performed. The methodology is intended to be applied to the Prespa Municipality and the Florina Municipality in Greece as 
well as to the Bitola Municipality in the Former Yugoslav Republic of Macedonia. 

 

OPTIMAL ROUTE SCHEDULING PRINCIPLES 

The Intelligent Transportation System consists of the supply of real-time information, regarding the e-vehicles’ 
availability through the day, booking, payment, etc., to the e-vehicles’ users (tourists, disabled persons, students) through a 
sensors, data collector-server-client application as well as information on user needs and network state. Smart phone apps 
tailored to the specific types of users should be developed. Depending on the trip objective, the e-vehicles will be subject to 
dynamic and adaptive routing, thus reducing travel time and enhancing reliability. Especially in cases of incidents, this will 
be supported by optimal adaptive routing [1] in the stochastic time-dependent network of the new service. The network-
level impact from adaptive routing will be estimated from a user-equilibrium traffic assignment model [2], in which users 
make adaptive routing decisions based on online information. In particular, users’ choice sets of routing policies will include 
link travel times as random variables with time dependent distributions, and the equilibrium will be in terms of distribution 
of link travel times, flow and other quantities related to the trip [3]. 
 

DETERMINATION OF THE SPECIFICATIONS OF THE E-VEHICLES 

 

The indicative technical specifications regarding the battery of the electric mini-bus are presented in Table 1: 
 

Table 1.   Electric bus battery technical specifications 
 

Specification 
description   Value 

Type   Lithium 
Total Nominal Voltage   120V 

Maximum Battery 
Charging Current   50A 

Battery Capacity   540Ah 
Charging time   9 hours 

 
The charging station will have a capacity of up to two electric buses, while being capable of charging one bus at a time. 

The consumption per bus is calculated as follows: 
According to the specified technical characteristics of the electric bus (Table 1), the battery voltage of the electric bus 

is 120V DC and the battery capacity is 540Ah. Moreover, the battery charging rate is 9 hours for full charging, and the per-
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hour charging rate of the electric car is 50A. Therefore, according to the above specifications, in order to fully charge the 
battery of the electric bus, the installed power of the photovoltaic panels should be at least: 

Pbus (Wp) = V (V) x I (A) = 120 (V) x 50 (Α) = 6000 Wp 
Where: 
 
Pbus is the minimum power of the system, 
V is the nominal DC voltage of vehicle’s batteries, 
I is the nominal DCcharging current of the vehicle’s batteries 
 
Thus, the total installed power of the charging station so as to be capable of providing a full charge for the electric bus 

should be: Pbus (Wp) = 6000 Wp. 
 

SPECIFICATIONS OF THE PHOTOVOLTAIC CHARGING-STATIONS (EXTERNAL PARKING-LOTS) 

The Inverter is selected on the basis of the power system requirements. Therefore, the Inverter’s power output should 
be at least 6000 Wp, i.e. 8000 Wp. Moreover, the Inverter’s AC current output should be greater than or equal to the AC 
current input of the electric bus. The latter is approximately equal to: 

 

 

Where: 
 
Pbus is the suggested output power of the inverter, 
VAC is the Nominal Voltage of the output of the inverter, 
IAC input-bus is the Inverter’s AC output current. 
 
Therefore, the Inverter’s AC current output should be greater than or equal to 26 A. 
Finally, the Inverter’s rated DC input voltage should be 48V, and, thus the Inverter’s maximum DC input current 

should be: 

 

Where: 
 
PInverter is the nominal output power of the inverter, 
VDC is the Inverter’s rated DC input voltage, 
IDC input-inverter is the Inverter’s maximum DC input current. 
 
 
Summarizing, the Inverter’s required specifications are presented in Table 2: 
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Table 2.   Inverter’s technical specifications 

 
Specification 

description   Value 

Rated Power Output   8000W 

Output Voltage / 
Frequency   230VAC / 50Hz 

Minimum Current AC   26A 

Input Voltage   48VDC 

Maximum DC input 
current   160A 

 
 

The charging regulator is selected based on the power system requirements. Therefore, the charge controller’s 
power should be greater than 6000 Wp. Moreover, the charging controller’s output current should be less than the 
Inverter’s DC input current, i.e. less than 160A.  

Regarding the battery side, the charging controller’s nominal battery voltage should be 48V. 
Finally, regarding the photovoltaic array side, the charging controller’s current input should accept low currents so that the 
cable dimensions are small as well. Therefore, indicative current values should be in the range 20A – 30A. In turn, the 
voltage input should be high enough so as to have a power of 6000W, i.e. the voltage input should be in the range 200V – 
300V. Summarizing, the charging controller’s required specifications are presented in Table 3. 
 

Table 3.   Charge controller’s technical specifications 
 

Specification 
description   Value 

Minimum Power   6000W 

Output Current   < 160A 

Nominal Battery 

Voltage   
48VDC 

Minimum Charging 

Power   
6000W 

Input Current   20A – 30A  

Input Voltage   200V – 300V 

 
The required batteries’ capacity is determined by the capacity requirements of the electric bus, which, according to Table 1, 
is 540Ah. Therefore, the batteries’ total capacity should be greater than 540Ah. In order to achieve the required voltage and 
system capacity, the batteries should be connected as presented below: 
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Two (2) parallel arrays of twenty four (24) batteries of 2V, connected in series, with a total output voltage: 
Vbatout (V) = 24 x 2 = 48V  
and capacity: 
Ibatout (Ah) = 323Ah x 2 arrays = 646 Ah 
The batteries will be placed next to the charging station in an open-type concrete building (natural ventilation system 
through louvers). 

The system’s total required power for the charging of the electric bus is 6000 Wp. Therefore, the following 
circuitry is performed:  
• 27 photovoltaic panels with total power 6210W (27 panels x 230W = 6210W), which will be divided into 3 arrays 
of 9 panels each. 
• Total output voltage per array is Vout (V) = Vmax X (panel number in the array) = 30V X 9 = 270V, and total 
output voltage is Vout (V) = 270V as well. 
• Total output current per array is Iout (A) = Imax = 8A, and total output current is Iout (A) = Imax X arrays’ 
number = 8 x 3 = 24A. 
An indicative view of the charging station is shown in Figure 1: 
 

 

Figure 1 View of the charging station. 
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COST ANALYSIS 

In this section, an indicative cost of the charging station (parking) is presented, according to the previously 
specified/determined system requirements. More specifically, the indicative cost per system component, as well as the 
whole charging station’s (external parking-lot’s) indicative cost is presented in Table 4. Of cource, according to the optimal 
route scheduling final study and the number of e-buses and utility electric vehicles, the respective number of charging 
stations should be built.  

 
 

Table 4.   Indicative component cost and whole station’s cost 
 

description   Cost in € 
Photovoltaic Panels   4.500 € 

Batteries   4.500 € 

Charging Regulator   800 € 

Inverter   4.200 € 

Cables and ancillary 

parts   
1000 € 

Infrastructure costs   50.000€ 

Total Indicative cost   65.000 € 

 

IMPACT OF THE STUDY 

 

This study will significantly contribute to regional tourism development through the optimization of the road network 
for tourist attractions. Moreover, the study will provide efficient data regarding the design and cost of a solar charging-
station (parking lot) for the charging of electric mini-buses. The mini-buses are intended to provide a student-transport and 
tourist-transport services within an intelligent transportation system in the regional route network.  

The realization of the Intelligent Transportation System along with the development of a smart phone application, and 
the utility vehicles can facilitate people with special needs (elderly, disabled, distant-residents) in effectively realizing their 
daily on-demand transport and accessibility needs, particularly during the heavy winter periods. The scheduling and 
realization of the student transport by electric minibuses that are charged by RES will substantially reduce the cost of their 
transportation while increasing trip reliability for the new service. Service expandability and transferability will assure 
reduced costs in future applications, and will support capitalisation of the results across the region and in other locations. 

All the outputs for the Prespa, Florina and Bitola regions involve 4 e-minibuses, 4 utility cars and 4 charging stations, 
charged by RES, therefore contributing directly to the indicator CO34: Annual decrease of GHG. More specifically, the 
estimated annual decrease of GHG is 164,839 tons of CO2 equivalents/year. Moreover, the surface of improved cross-
border road and infrastructure is estimated to be 1.000,00 square meters. 
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CONCLUSIONS 

The realization of the above concept will result in the following: 
(1) The provision of four electric minibuses and four utility cars that will transfer tourists and students at the routes 

that will be defined, as well as residents, especially elderly, disabled and distant-residents, on-demand. 
(2) Four Renewable energy sources (RES)-supported external parking-lots will be implemented. 
(3) Through the utilization of smart phones, an intelligent Transportation, Client-Server application, will be deployed 

to the parking lots-e-minibuses. 
(4) An optimal route scheduling for the transportation of tourists and students through a 20-year horizon, will 

facilitate solution of a yearly faced problem of the Municipalities. The reduced travel time is estimated to be 10 minutes, 
while the average border crossing travel time is estimated to be 30 minutes. Finally the energy efficiency awareness 
barometer is expected to reach the 80%. 
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Thermodynamic Exhaust Heat Recovery 
Analysis of an Aero-derivative Gas Turbine 

using a Subcritical Steam Rankine Cycle 
 

A. Papadopoulos 1,R. G. Papagiannakis1,* T.C. Zannis2, J.S. Katsanis2, E.G. Pariotis2 
1 Section of Thermodynamics, Propulsive & Energy Systems, Hellenic Air Force Academy, Dekelia, Greece 

2 Section of Naval Architecture and Marine Engineering, Hellenic Naval Academy, Piraeus, Greece 

ABSTRACT 
Gas turbines are well-known for their high power to weight ratio, significantly low starting – acceleration times, high flexibility and high 
reliability. However, conventional gas turbines suffer from low thermal efficiencies especially at partial load. As known, aero-derivative gas 
turbines are used from many navies around the world, mainly as combined propulsion systems, in various types of naval vessels. Hence, one of the 
most promising technologies nowadays for efficiency improvement of commercial gas turbines is the combination of a conventional gas turbine cycle 
with a bottoming Rankine cycle constituting thus a so-called “combined cycle”.  According to the combined cycle concept, exhaust gas heat is used 
for steam production in a specially-designed heat exchanger, which is often called heat recovery steam generator (HRSG). High-enthalpy generated 
steam is then expanded in a turbine producing thus, additional mechanical power. Hence, for the same fuel heating rate in the gas turbine, an 
increased power output is attained through bottoming Rankine cycle improving thus, the overall efficiency of the combined cycle facility. A previous 
preliminary study, examined the exhaust heat recovery from a marine aero-derivative gas turbine using a steam Rankine bottoming cycle. 
According to this study , a significant improvement of the overall efficiency of the combined cycle can be attained ranging from 33% at full power to 
53% at 25% of the gas turbine load, providing thus a technically feasible solution to the problem of low gas turbine engine efficiency, especially at 
part load operation. Simultaneously, the considerable temperature reduction of the marine gas turbine-emitted exhaust gases through their 
interaction with the Rankine cycle provides tactical benefits in terms of curtailing the infrared “signature” of a naval vessel. Motivated by the 
research findings of the aforementioned study, a diploma thesis in Hellenic Air Force Academy (HAFA) was recently performed investigating 
more thoroughly the thermodynamic performance of a combined cycle comprised of an aero-derivative gas turbine and a steam Rankine bottoming 
cycle. Under the aforementioned thesis, a thermodynamic analysis computational model was developed for examining the thermal performance of a 
subcritical steam Rankine bottoming cycle, which recovers exhaust gas heat from an aero-derivative gas turbine. The operational behavior of the 
combined cycle was examined at various gas turbine operating loads and also under various ambient conditions i.e. dry bulb air temperatures and 
humidity ratios using HAFA’s gas turbine training and simulation software.  The technical findings of the present study can be proven quite 
useful to the military-related scientific community working on materializing solutions for seriously improving the efficiency and downplaying the 
infrared “signature” of gas turbine-propelled transportation units. 

INTRODUCTION  

The two main thermodynamic cycles simulating steam and gas turbine plants are Rankine and Joule- Brayton cycle 
respectively. A steam power plant is consisted of a feed pump which ensures the great pressure value, a boiler that provides 
the heat transfer to the system, a steam turbine expanding the enriched enthalpy steam delivering mechanical or electrical 
power out of the closed system and, last but not least, a condenser. The temperature- entropy diagram for this cycle along 
with its main system units is shown in Figure 1. 
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Figure 1 Rankine cyclic heat engine  

As for the gas turbine power plant, this concept includes a compressor which compesses the flow crossing the inlet 
duct of the engine, a burner that increases the heat content of the flow and a turbine generating power in advantage of the 
enthalpy enhanced medium. The temperature- entropy diagram for this cycle along with its main system units is shown in 
Figure 2. 
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Figure 2 Joule- Brayton Cyclic heat engine 

Gas turbine engines use a steady not cyclic flow of air (or gas). Steam power plants’ configurations use a steady cyclic 
flow. The medium of the engine is usually water (steam) because of its ideal specifications. 

Gas turbine cycles typically operate at considerably higher temperatures than steam cycles. Because of the higher 
average temperature at which heat supplied, gas turbine cycles have a greater potential for higher thermal efficiencies. 
However, the gas turbine cycles have one inherent disadvantage: The gas leaves the gas turbine at very high temperatures, 
which erases any potential gains in the thermal efficiency. The situation can be improved somewhat by using regeneration, 
but the improvement is limited. The solution is to use the high temperature exhaust gases as the energy source for the 
bottoming cycle such as a steam power cycle. The result is a combined gas-steam cycle, as shown in Figure 3. In this cycle, 
energy is recovered from the exhaust gases by transferring it to the steam in a heat exghanger that serves as the boiler. 
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Figure 3 Gas turbine/steam turbine combine power plant 

The combined cycle increases the thermal efficiency of the plant. In terms of thermodynamics this consideration can 
be reassured: The work output from the steam (bottoming) cycle is 

gtst st exhastW n Q= ⋅    (1) 

But 

( )1
gtexhast in gtQ Q n= −    (2) 

 
Where (Qin) is the heat supplied to the gas turbine (upper) plant, which delivers work 

gt gt inW n Q= ⋅    (3) 

 
Thus the total work output is 

( ) ( )( )1 1gt st gt in st in gt in gt st gtW W W n Q n Q n Q n n n= + = ⋅ + ⋅ − = + −   (4) 

The thermal efficiency of the combined plant is therefore 

( )( ) ( )
1

1
in gt st gt

cc gt st gt
in in

Q n n nWn n n n
Q Q

+ −
= = = + −   (5) 

So, the advantage of the combined cycle is clear. The efficiency of the simple gas turbine cycle has been increased by 
(�st•(1-�gt)), recovering  its rejected heat in order to generate power in the steam cycle. 
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The estimation of the way that the overall combined plant is affected by a change in the efficiency of the gas turbine 

can be possible by the differentiation of equation (5): 

( ) ( )1 1 1cc st st cc st
gt st st gt

gt gt gt gt gt

n n n n nn n n n
n n n n n
∂ ∂ ∂ ∂ ∂

= + − ⋅ − ⇒ = − + −
∂ ∂ ∂ ∂ ∂  (6) 

 
As a result, increasing the gas turbine efficiency improves the overall efficiency only if: 

0cc

gt

n
n
∂

>
∂

  (7) 

 
Developing the previous inequality leads to: 

1
1

st st

gt gt

n n
n n
∂ −

− <
∂ −

  (8) 

  

IMPLEMENTATION OF A COMBINED CYCLE APPLICATION 

The main goal of this present work is to investigate the feasibility of adding a bottoming cycle (Rankine cycle with 
steam as the working medium) to an existing gas turbine configuration. This configuration is an Aero-derivative gas turbine 
engine which is used in industrial and marine applications. This diploma is motivated by a preliminary study, examined the 
exhaust heat recovery from a marine aero-derivative gas turbine using a steam Rankine bottoming cycle. In order to do so, 
it was of great importance to use a reliable and, most of all, valuable computational model. This capability was applied and 
qualified by HAFA’s gas turbine training and simulation software. The operational behavior of the combined cycle was 
examined at various gas turbine operating loads and also under various ambient conditions. A parametric analysis was 
occuried not only for the combined plant but also for the upper gas turbine cycle on its own off-design operation. 
Furthermore, a plain Heat Recovery Steam Generator (HRSG) model was made in order to simulate the primary operation 
of the combined plant application. 

Gas Turbine Model 

The off-design operational behavior of the gas turbine engine was examined using a simulation software. This 
software provided a large amount of studying facilities, such as concluding analytical measurements of the engine’s thermal 
efficiency, exhaust gas flow and temperature at various ambient temperature and operating loads. Using these findings, 
parametric diagrams were created in order to capture the variation of these critical -for the engine’s performance- values. 
Thus, ambient temperature and operating load are the independent values which combined lead to 88 different operating 
situations. The ambient temperature varies from -10�C to 40 �C. As for the load the variation goes from 19MW to 26�W. 

The engine model simulates the operational behavior of GE LM-2500 gas turbine engine. The LM-2500 is a twin-
spool Turboshaft Aero-derivative engine. Its configurations are modified from aircraft’s engines TF-39 and CF6-6. This 
engine operates as the main propulsive system in marine applications for Hellenic Navy and other Navies around the world. 

It consists of a sixteen-stage, axial-flow design compressor, an annular combustor with 30 individually replaceable fuel 
nozzles, a two-stage, high-pressure turbine and a six-stage, high-efficiency power turbine. The six-stage power turbine 
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operates at a nominal speed of 3,600 rpm, making it ideal for 60 Hz generating service and 36% thermal efficiency. The 
main components of LM-2500 gas turbine engine are shown in Figure 4. 

 

Figure 4 GE LM-2500 gas turbine engine 

The most significant values of analysis are both the exhaust gas mass flow, temperature and  the thermal efficiency of 
the engine. That’s because gas flow and temperature constitute the heating value of the exhaust gases which are recovered 
in the HRSG. So, these two values feature the content of source energy of the bottoming cycle of the combined plant. As a 
result, it is necessary to know the variation of these values in order to examine how this variation affects the operational 
capability of the HRSG and the secondary Rankine cycle. On the other hand, as it is derived from the relations (5), (6), (7) 
and (8) the thermal efficiency of the gas turbine engine and its variation defines the value and variation of combined cycle’s 
efficiency critically. In particular, if the thermal efficiency of the gas turbine is improved, it should not cause a high drop in 
the efficiency of the bottoming cycle so as combined cycle’s efficiency to  increase. The efficiency of the bottoming cycle is 
affected by the specifications of the source heating energy that is recovered, such as exhaust gas mass flow and temperature.  

Variation of Exhaust Gas Mass Flow, Temperature and Thermal Efficiency at Various Ambient 
Temperatures and Working Loads  

As the parametric analysis was on, several main conclusions were reached. 
First of all, exhaust gas flow increases as long as the claims in load are growing. In the same way, exhaust gas 

temperature increases too. The values respond vice verca in the reverse procedures, considering that ambient temperature is 
maintained constant. Furthermore, considering that working load is maintained steady, gas flow decreases as long as 
ambient temperature is growing. On the other hand, gas temperature increases for the same variation. These changes lead 
to a confused variation in the heat value of the exhaust gas which recovers to the bottoming cycle, as they do not transform 
into the same direction. The Figure 5 below can clarify this phenomenon. 
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Figure 5 Exhaust gas Flow vs. Exhaust gas Temperature (at various ambient temperatute and working load) 

The ambient temperature increase provokes a drop in the compression pressure ratio of the engine of 5.63% to 6.53% 
between -10�C and 40 �C when the working load is maintained steady at 19MW and 26MW respectively. This fact causes 
without doupt loss in engine’s efficiency. This loss is a bit less important than the corresponding drop of compression ratio. 

Despite that, greater working loads claim greater compression ratios. As a result, efficiency is improved for growing 
loads, when ambient temperature is maintained constant at 15 �C, and this corresponds to a 4.78% increase between 19MW 
and 26MW of load. Figure 6 clarifies these variations. 

 

Figure 6 Compression Ratio vs. Thermal Efficiency (at various ambient temperatute and working load) 

Heat Recovery Steam Generator Configuration and Rankine Cycle Simulation Procedure 

One of the most important parts of the Rankine cycle is the Heat Recovery Steam Generator since it is the 
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component which is responsible for the exhaust heat recovery. Considering the thermodynamic properties of the exhaust 
gas flow that enters the HRSG, the component must produce steam with adequate thermodynamic properties. This 
capability depents on many design factors of the HRSG as long as the properties of the source value, which is the 
temperature, the mass flow and the pressure that the exhaust gases present as they cross though the heat transfer area parts 
of the HRSG.  

HRSG contributes considerably to the systems weight and volume. These two parameters are crucial for many 
applications in general, especially in marine ones. This thesis focuses on the thermodynamic approach of this matter 
avoiding individual fields of design, although design affects crucially the cost and the comfortability of the combined plant 
project. In general, there are two types of Heat Recovery Steam Generator: The once through and the drum type. 

Another feature that is necessary to be considered when selecting HRSG arrangement is whether a by-pass stack 
which permits the operation of the gas turbine without the HRSG in service is desirable. This would increase cost and 
occupy space. 

Taking into serious consideration all the positive and negative features of each HRSG type, a once through heat 
exchanger is considered. The feed water enters the configuration at the gas outlet, it is moved through the core until it 
leaves the other end at superheated condition. The component operates on a single pressure, which determines the enthalpy 
of the saturated liquid and the vaporization temperature. The feed water flow rate is steady and equal to 10 kg/sec.  

In order to simulate the Rankine cycle as simplier as possible, a number of operating coefficients are considered. 
Parametric analysis values are the ambient temperature and the working load of the gas turbine engine which represents the 
upper cycle of the combined system, while relative humidity is maintained contant at 60%. The gas turbine analysis shown 
that humidity rarely affects the exhaust mass flow, temperature and thermal efficiency of the gas turbine engine. The 
Rankine simulation model operates between two marginal values of pressure. One is the pressure of the condenser which is 
equal to 0.2 bar. This pressure particurarely determines the value of temperature in which water is condensed and the heat is 
rejected to the environment. This temperature is the lowest of the cycle. It is considered that the difference between 
operating and ambient pressure does not cause any air influx in the system. The second marginal pressure is the operating 
pressure of the HRSG and it’s equal to 34 bar. This is the highest temperature of the cycle and in particular determines the 
value of temperature in which water vaporizes into steam. What’s more, at this pressure the steam is superheated. It is 
considered that the high pressure of the cycle is constant and does not depend on the variation of gas temperature which 
enters the HRSG. 

Another important feature which complicates the feasibility of heat recovery in the bottoming cycle, is the quality of 
the steam-water mixture that exits the steam turbine. Low values of quality can cause  serious corrosion affects on the last 
stage of turbine blades destroying the operational capability of the whole combined system. In this case, a by-pass stack on 
the HRSG must be considered. This project permits the operation of the gas turbine without the bottoming steam cycle 
arrangement. In this study, a quality of 82% is required in order the combined plant to be functional. 

Another significant features of the simulation model of the Rankine cycle are the isentropic efficiencies of the feed 
pump and the steam turbine. These coefficients affect the additional load which is produced by the steam cycle, thus the 
steam and combined cycle’s thermal efficiency. The isentropic efficiency of steam turbine is considered to be 85%. 
Moreover, steam turbine’s first stage blades are considered to present a temperature resistance of 600�C. This is also an 
important limitation of combined cycle’s operational capabilities and requires special HRSG configuration as explained 
above (by-pass stack arrangement). All these specifications are shown in Figure 7. 
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Figure 7 The Rankine cycle simulation model 

All the prosseccions are modeled by simple thermodynamic equations which estimate the properties of the working 
medium at all conditions. Exit values of the model are the steam turbine’s and combined plant’s thermal efficiency along 
with the quality of the steam-water mixture exiting the steam turbine and the additional power produced by the bottoming 
system. According to the variation of these values, it is possible to understand better the way parameters affect the fuction 
of both the combined system and its individual cycles separately and specify which are those that optimize the system’s 
efficiency. 

Parametric Analysis of the Operational Behaviour of the Combined Cycle 

The combined cycle’s efficiency depends on the efficiency of the cycles that compose the system. In general, the 
efficiency of upper cycle 

gtn
 is increased by (1 )st gtn n− . Thus, as 

gtn
is growing since the variation of parameters is 

propitious, the fluctuation of 
ccn

 depends on the way 
stn

 reacts to this change. In particular, 
stn

 must not decrease till a 

margin point. 
As already mentioned, the purpose of the present work is to investigate in which extend it would be possible to 

recover the heat from the exhaust gases produced by an Aero-derivative gas turbine engine. The efficiency of LM-2500 
engine at the design point (ambient temperature 15�C, relative humidity 60% and working load 20 MW) is 35.9%. Rankine 
cycle’s efficiency as it is achieved by heat recovery at these conditions is 26%. These two facts combined, obtain thermal 
efficiency 

(1 ) 0.359 0.26 (1 0.359) 0.52566cc gt st gtn n n n= + − = + ⋅ − =
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Thus there is a 47% improvement. What’s more, there is an improvement in the power that system produce with an 
additional 6.7MW of power, i.e. 33.5% increase. In Table 1 and Figure 8 there is a more descriptive depiction of the 
flunctuation of the combined cycle’s features. It is observed that as the ambient temperature increases from -10�C to 40�C, 
gas turbine efficiency decreases about 4.6%, while  

Table 1.   The Results of the Parametric Analysis 
Tamb(oC) WEX(Kg/sec) EGT(oC) ngt (%) nst (%) ncc (%) q (%) 

-10,00 69,30 448,60 36,70 19,36 48,96 0,78 
-5,00 68,40 460,90 36,60 20,90 49,85 0,79 
0,00 67,60 473,20 36,40 22,40 50,64 0,79 
5,00 66,80 485,50 36,30 23,78 51,45 0,79 
10,00 66,00 497,80 36,10 25,05 52,11 0,80 
15,00 65,20 510,10 35,90 26,04 52,59 0,80 
20,00 64,50 522,30 35,80 26,13 52,58 0,82 
25,00 63,60 535,20 35,60 26,24 52,50 0,83 
30,00 62,70 549,00 35,40 26,39 52,45 0,84 
35,00 61,80 562,70 35,20 26,54 52,40 0,86 
40,00 60,90 576,40 35,00 26,71 52,36 0,87 

steam turbine efficiency increases about 37.9%. On the other hand, the variation of combined cycle’s efficiency is not 
steady. Particularly, it is observed that is improved till the temperature of 15�C. Then, it presents max value. Furthermore, 
beyond this point it is downgraded. This happens since the variation rate of gas turbine efficiency is lower than steam 
turbine’s till 15 �C and higher beyond this point. From -10 �C to 15 �C, ngt variation rate is -0.032 %

C°
and nst 

+0.2672 %
C°

 respectively. On the other hand, from 15 �C  to 40 �C ngt variatin rate is -0.036 %
C°

and nst is +0.0268 %
C°

, 

which means that ngt decreases faster than nst increases. As a result, it is concluded that the increase in ambient 
temperature favors gas turbine’s exhaust’s flow heat recovery only up to a particular ambient condition. 

In addition, it is observed that the quality of steam-water mixture that exits the last stage of the steam turbine’s blades 
is very low up to the temperature of 20 �C. This can cause great corrosion problems to the blades and therefore cuts down 
ths combined cycle’s operational capability range. 
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Figure 8 The variation of thermal efficiency and working output of the combined cycle 
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CONCLUSION 

In the present work, a paametric analysis has been conducted to inestigate the possible improvement on the combined 
cycle efficiency and the corresponding net power production that can be achieved by additing a bottoming Rankine cycle 
with a steam turbine on th raw of an Aero-derivative existing gas turbine engine. To this scope the main conclusion of the 
investigation are reached: 

• Combined steam-gas cycles perform in enormous higher thermal efficiency than simple gas turbine and steam 
cycles. 

• The variation of efficiency of the combined cycle depends on the quality of the steam-water mixture exiting from 
the steam turbine of the bottoming cycle. 

• The efficiency of the steam cycle increases as the thermal power of the exhaust gases operated by the exchanger, 
i.e. with increasing ambient temperature and load. The pace of this change is declining for larger values of the 
parameters. 

• The recovery of exhaust heat through the combined cycle is not possible for all operating conditions due to 
restrictions imposed by the components of the steam cycle. 

The technical findings of the present study can be proven quite useful to the military-related scientific community 
working on materializing solutions for seriously improving the efficiency and downplaying the infrared “signature” of gas 
turbine-propelled transportation units. 

 

NOMENCLATURE 

stW = steam turbine cycle’s power output 

stn = steam turbine cycle’s efficiency 

gtexhastQ = gas turbine exhaust gases’ thermal power 

gtW = gas turbine cycle’s power output 

gtn = gas turbine cycle’s efficiency 

inQ = gas turbine cycle’s thermal source power 

W = overall combined cycle’s power output 

ccn = combined cycle’s efficiency 

q = steam-water mixture quality 
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ABSTRACT 

The offshore marine environment is home to numerous human activities, such as offshore structures, naval, construction, and maintenance 

operations. To ensure access and cost-effectiveness requires thorough investigation, in regards to the resource, and accessibility levels. The study 

presents a comprehensive 35 years resource assessment of the Mediterranean area, calibration and validation of which was presented at IHAR 

2016 (Lavidas et al. 2016). The dataset allows for identification of highly energetic areas and dissemination in intra-annual and monthly 

analysis. Furthermore, use of the dataset establish accessibility levels around the Mediterranean Sea, indicating the percentage of times for which 

sea states favor offshore activities, based on specific thresholds. The resource analysis is concerned with the magnitude of wave height, and peak 

period in the region. It offers a detail examination of the wave climate in terms of overall, annual, seasonal, monthly analysis with a focus on the 

recorded levels, means, maxima, and deviations. Resource and accessibility identification is vital for offshore vessels and activities, the maps offer 

the evolution of spatial distribution of quantities. Resource evaluation with long-term datasets allows the identification of waves, and impact on 

accessible areas. Complementing the analysis sites are assessed in terms of their wave power content, and extreme value analysis provide insights on 

potential issues that have to be considered in future marine activities. 

INTRODUCTION 

Marine operations are important for the development and operations of various sectors. From naval, fisheries to offshore 

platform and port construction, metocean data are vital for proper dissemination and planned actions. Seas monitoring can 

be conducted in three ways, firstly with in-situ measurements, secondly with altimeter/satellite data, and finally with 

numerical wave models. All three methods have specific limitations and considerations (Cavaleri & Sclavo 2006). In-situ 

buoy measurement are often limited in time duration, deployed in various depths (usually intermediate to deep), which are 

not always useful for extrapolating vital information concerning larger regions. Satellite/altimeter data have developed a rich 

repository of wave information that usually covers a global domain. They are limited on their temporal recording scales 

(large gaps within measurements), passing over a region, and inability to record data nearshore. Moreover, satellite data are 

not immediately available, and require several steps of filtering and re-constructing techniques. 

Finally, recent advancements in computational resource have allowed efficient operational use of numerical wave models 

for forecasts and historical studies (hindcasts). Numerical wave models, use several physical aspects of wave theory and 

kinematics to simulate isolated points or larger domains. One important limitation is the selection of an appropriate model, 

depending on range of application, efficiency, computational demands. Secondly, use of a wave model, is a cumbersome 

process which has to be adapted by the user to obtain the highest level of results, through calibration and validation. 

Numerical wave models are extremely sensitive to tuning, input quality, which severely affect their outreach. Although, 

numerical wave models are powerful and if used correctly, to provide vital information which are of high importance for 

many sectors. They can deliver isolated locations and wider region resource evaluation, with high confidence and can allow 

for climatic studies with high temporal resolution, something missing from in-situ methods. 
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In this study, we discuss important finding on resource levels, accessibility, and wave characteristics in several 

Mediterranean regions. The approached used entails a high-resolution hindcast dataset produced for 35 years, via a two-way 

nested scheme. The model uses physics that are appropriate to resolve nearshore mechanics and depths, improving the 

outreach of results. Majority of the models used in the Mediterranean are classified as oceanic and use coarser spatial 

resolutions form 0.50 to 0.10 (Ratsimandresy et al. 2008; Medatlas Group 2004; Soukissian et al. 2008; Besio et al. 2015; 

Liberti et al. 2013). 

MATERIAL AND METHODS 

The dataset used in this study is specifically adapted and calibrated, validated for the Mediterranean region. More 

information on the model can be found in (Lavidas et al. 2016). The process allowed a high-resolution resource database 

and an operational configuration for forecasts. A two-way nested approach used to enhance the spatial and temporal 

resolution of the final dataset. The coarse Mediterranean grid has a spatial resolution of 0.10, while all nested domains are of 

high spatial resolution of 0.0250, boundary conditions are two-dimensional spectral information, see Figure 1. 

 

Figure 1: Domains used and bathymetry information in meters 
The key component investigated is significant wave height (Hsig). Accessibility describes the amount of time for which 

an area or location are accessible by marine vessels and/or offshore activities. Range of accessibility is dependent on 

thresholds chosen, we have chosen Hsig as the primary parameter to determine accessibility. Thus, based on thresholds we 

quantify and present the time for which the sea-state is less or equal (≤) to the criterion. The thresholds can adjust based on 

the suitable vessels in question, for the study we have set two thresholds Hsig ≤1.5 m and Hsig ≤2 m, such levels are 

suggested by (Veritas 2011). Prior to the determination of accessibility, which is of importance for marine activities we 

present the overall magnitude of resources, presenting their evolution throughout the months. 

RESULTS 

The Mediterranean wave resource mostly dominated by wind-generated waves, while some levels of swells exist travelling 

from both sides of the Basin. In overall, the magnitude of waves is not as energetic as the ones found in the Atlantic 

regions. This though does not mean that Hsig recordings are not damaging to marine activities 
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Figure 2: Hsig 99th percentile in meters 

Figure 2 displays the 99th percentile distribution of Hsig in the Mediterranean for 35 years. From the dataset, it is clear that 

most locations often met with less than 5 meters of waves. Highest levels found in the North West Balearic Sea; with 

majority of deeper areas having less than 4 m. Coastlines levels express that majority of the time Hsig will be less than 1.5 m. 

For Greece, lower waves expected in the Northern part. Cycladic islands have higher waves but most of the time below 3.5 

meters. Italian coastlines have lowest percentile in Adriatic Sea where even deeper location are below 2.7 m. Croatian 

coastlines also have small percentile values of less than 1.5 meters. Moving to the South, the lower levels below 1 m met in 

the Italian Gulf of Taranto. The Southern coastlines of Tunisia, bordering with Libya also have less than 1.5 m. In the 

Levantine Sea West of Cyprus has higher Hsig percentile values, while the Cyprus island break and reduces the magnitude 

for the Eastern side of the islands, below 2 m. Spanish and French coasts share similar levels of percentiles, with nearshore 

low depths below 1.5 meters. While deeper location of the Balearic and Gulf of Lion have percentile values over 2.5 meters. 

 

Figure 3: Resource distribution in the Mediterranean, upper figure Hsig in meters, lower figure Tpeak in seconds 

Following the highest percentile spatial distribution, Figure 3 shows the mean average values for Hsig and Tpeak. Concerning 

evaluation of wave height resource, data show that overall higher levels of magnitude exist in the Central Aegean (Cyclades-

Northern Crete), North West Balearic Sea and at the Straits of Messina. Following the information presented by the 99th 

percentile, the mean wave heights in those regions do not exist 1.6 m. Similarly, lower frequency waves are only found in 

deeper waters and off the coasts of Libya, Egypt, and Algeria, at approximately 6.5 seconds. 

The lower parts of Central Aegean have also lower frequency waves, although as we move towards the Thracian Pelagos, 

periods drop dramatically increasing the presence of higher frequencies. Similar levels are present for the Adriatic Sea, and 

its encapsulated coastlines. Peak frequencies suggest low period wave, in line with the lower magnitude Hsig resource found 
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there. As is known, higher frequency wave suggest lower wave heights (Holthuijsen 2007), a trend which can be observed in 

Figure 3, where higher frequencies also record lower wave heights overall. 

Monthly analysis, (see Appendix A, Figure 8), assesses the spatial monthly distribution of resource. Highest months are 

from November to March. Specifically in December, the Central Aegean and North of Crete mean Hsig are approx. 2.2 

meters nearshore. For the same months Southern part of Italy, Sicily, has approximately 1.5 m while France and Spanish 

coasts in December have lower mean around 1 m. 

In spring-summer months April-September, the resource reduces significantly with mean maxima at 1.5. In the low period, 

April-May sees higher resource in after the Straits of Gilbratar, Spain and Italy. For June-September West Mediterranean 

has mean Hsig values around 0.6m nearshore, while at the same time South East Aegean, East of Crete, and West of the 

Levantine Sea the seasonal levels are almost double with mean values around 1.3-1.4 m. Resource levels affect the 

accessibility percentage. As previously mentioned, the Mediterranean resource is almost three times lower than that of the 

Atlantic. Thus, it is expected that recorded accessibility levels will increase. In (Guanche et al. 2015) a global accessibility 

approach was discussed, and also suggested that higher levels of accessibility are expected in lower resource regions. 

 

Figure 4: Accessibility based on t1≤1.5m and t2≤2m 

Two thresholds applied throughout the domain for 35 years, t1≤1.5m and t2≤2m, see Figure 4. Considering the resource 

assessment, it is obvious that accessibility levels will be high. Although, based on the criteria set some differences in the 

spatial distribution exist. In the case of t1 most major Sea regions display accessibility levels approximately 75%. In the high 

resource areas, as discussed previously, the Central Aegean belt has accessibility 75-80%. North parts of Crete have much 

higher levels at about 90%. Northern parts of Greece, which have the lowest Hsig magnitude, suggest that over 95% of the 

time the nearshore Sea areas are accessible. 

In the Levantine Sea, Western parts of Cyprus had lower Hsig thus they allow higher accessibility over 80%. In the East of 

Cyprus and South Turkish coasts, the levels are similar to North Aegean. Nearshore areas in Egypt and Libya also present 

accessibility levels over 85%, while due to the turning coastlines of Tunisia and diminished resource accessibility is much 

higher with values over 95%. Italy has the highest recording in the Adriatic Sea. In the Southern parts of Italy, Sicily and 

South Tyrrhenian Sea, the levels are 75-80% and 85-90% respectively. Lowest levels for the thresholds are met at the deep 

region off the Gulf of Lion at the French coasts, with 70%, although, Spanish and French coastal locations have higher 

level over 90%. When criterion increases by 0.5m (t2), accessibility achieves higher levels, see Figure 4. In the case of the 

Aegean Sea, upper Cycladic coastlines record 80-85%, Northern Crete over 92%, while North Aegean remains over 95% as 

in the previous case. Similarly, Italian coasts in the South also attain significantly higher percentages over 90%, while again 

the lower levels are in the deep locations at Gulf of Lions. 
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Following, the accessibility and resource evaluation an overall distribution of wave power in the region is also useful to be 

discussed. Wave power is the results of Hsig and energy period components (Te) over the frequency (f) and direction (θ) 

spectrum (E). Te is the energy period extracted by the zeroth and minus one spectral moment, while the overall wave power 

content of the resource is obtained by the x-y plane wave energy distribution over mixed seas. 

𝑃𝑥 = 𝑝𝑔∬𝐶𝑔𝑥𝐸(𝑓, 𝜃)𝑑𝑓𝑑𝜃 (1) 

𝑃𝑦 = 𝑝𝑔∬𝐶𝑔𝑦𝐸(𝑓, 𝜃)𝑑𝑓𝑑𝜃 (2) 

𝑃𝑤𝑎𝑣𝑒 = √𝑃𝑥
2 + 𝑃𝑦

2  (3) 

where Cg group velocity, (g) gravitational acceleration, (p) water density, and the final Pwave expressed in kW/m. 

 

Figure 5: Wave power distribution in kW/m for the Mediterranean region 

Figure 5 shows the spatial distribution of wave energy in the Mediterranean region. Highest concentrated levels are in the 

South French and North West Spanish coasts, though at depths higher than 150m see also Figure 1. Southern Italy has a 

resource from 6-12 kW/m. The Aegean has highest levels at Cyclades, West and East of Crete, with over 8 kW/m. High 

levels of wave power are also met at Western Cyprus in contrast to the Eastern side. The lower latitude areas in the 

Mediterranean, Libya, and Egypt have similar resource levels throughout their shores less than 4 kW/m. 

Asides the spatial distributions of the region, several locations extracted at higher temporal resolution and their metocean 

characteristics analyzed. The additional locations along the Mediterranean coasts and are taken from the higher resolution 

nested domains. This allows having a greater outreach at depths below 150m that can be of immediate interest for offshore 

construction and activities (see Figure 6). 

 

Figure 6: Additional extracted locations, color-coding indicates the different nested domains 
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All extracted locations assess their mean Hsig, max Hsig, wave power, and accessibility levels. In terms of accessibility, the 

two thresholds present slight variations. When t1 is the criterion, then the distribution of locations are from 80-90%. When 

increasing the thresholds then higher number of location shift towards over 90%, and higher populated over 95%. As 

discussed over 95% include region in Northern Greece, Adriatic Sea, and Tunisia-Libyan coastlines. On the other hand, the 

higher thresholds, vessels operating under 2m, allows for better accessibility time percentages throughout the region. 

 

Figure 7: Accessibility (t1 & t2) correlation with Pwave, sized according to Hmax 

In Figure 7 distribution of all locations are assessed in terms of accessibility scenario, local mean Pwave, with the size 

corresponding to the maximum (Hmax) over the duration of the dataset. Higher energy content found in the Spanish coasts, 

Italy and Greek location have similar levels. All locations in Libyan coast share the same levels of resource, while in Tunisia 

the Northern location has almost six fold the energy content that the South. Lowest energy levels for all locations found at 

the French coastlines. 

Similarly Spain in exposed to harsher waves with higher levels of Hmax, in Greece Central location have the highest levels, 

while Italy has higher values in the mid and Southern regions. Concerning the accessibility with scenario t1 starting 

percentages of time, populated from 75% onwards, by increasing the thresholds, all areas have an increased value 

approximately by 10%. 

CONCLUSIONS 

The Mediterranean wave resource is much lower than Atlantic coasts, nevertheless resource assessment are vital for the 

continuous development of offshore activities. Annual mean resource levels distribute differently depending on season, 

month, and region. Highest levels of resource are located in the West and East of the Basin. In winter periods, these areas 

have the highest waves, and often the larger maxima values. Such metocean conditions affect the survivability and 

accessibility for many offshore operations. With use of a long-term high-resolution coastal model, the accessibility levels 

based on ability of vessels deployed. 
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In contrast to higher latitudes areas, accessibility levels are significantly higher throughout the years, indicating that offshore 

activities are favorable by the lower resources. Nearshore areas, for either scenario attain over 75%, indicating that 

maintenance and operation activities can be performed quickly. Although, this can contribute to deployment strategies, 

further work will expand on the associated extreme return periods, which determine the structural characteristics of 

offshore structures. Accessibility spatial information provides a good indicator of areas that are suitable, and that have 

moderate to high wave resource for offshore activities. 
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Figure 8: Monthly mean Hsig in meters 
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ABSTRACT 

In electrified Metro systems, traction power substations supply power to trains and their reliability performance is vital for the quality of 

train services. Traction power transformers are one of the most critical componenst in the traction power system, whose possible failures can lead to 

high costs associated with repair and/or replacement resulting eventually to reduced train revenue. This kind of equipment due to being subject to 

loading and usage, environment and aging tend to deteriorate with time. For this, regular preventive maintenance has to be carried out to restore 

their conditions and prevent them from failures. However, the decisions on the appropriate periods between maintenance intervals often lead railway 

operators to the dilemma of minimizing both risk of failure and operation cost. In this paper, the relation between the preventive maintenance 

techniques to the reliability performance for the traction transformers installed and operated in transport companies is identified by developing a 

probabilistic model that quantifies the impact of maintenance on the reliability performance of traction transformers. Moreover a lifetime approach 

is introduced in order to establish the renewal process of the equipment by taking in account the degradation of the equipment, the maintenance cost 

and the renewal cost. 

INTRODUCTION  

The main objective of transport companies is to maintain a high level of services, where infrastructure elements play a 

vital role. The introduction of high speed networks and increased traffic levels require new technologies in railway 

infrastructure and trains, that must be obtained through a rigorous control of quality service and maintenance processes 

during their life of operation. Traction substations are probably one of the most important infrastructure components of 

the railway power supply systems because of their effect on the system safety, reliability and quality of the service. 

Especially, in the case of transport companies, whose main objective is to maintain a high level of services, the down time 

of infrastructure components consists a vital role. Additionally, , the lifetime modeling enables the operators to manage risk 

of failure and cost quantitatively in order to match their preferred levels of service quality while asset management methods 

consider all relevant life cycle cost related to network equipment and provide strategies for reinvestment, maintenance and 

fault elimination. However, these methods require information about the reliability parameters of the installed equipment in 

the power supply systems, as well as the relevant costs arising in the case of incurred damages. Furthermore, the component 

reliability parameters depend on component age, maintenance history and operational stresses.  

This paper relates the preventive maintenance techniques to the reliability performance for the traction transformers 

installed and operated in transport companies. Following this approach, a probabilistic model has been developed in order 

to quantify the impact of maintenance on the reliability performance of traction transformers. Since electrical equipment of 

this type tends to deteriorate over time, a lifetime approach is introduced in order to establish the renewal process of the 

equipment by taking in account the degradation of the equipment, the maintenance cost and the renewal cost. The lifetime 

cost will be determined by using the maintenance cost that is calculated by applying an optimization procedure of the 

maintenance interval that leads to maximization of equipment Availability index. The developed model represents the 

deterioration process of the traction transformers in discrete stages where preventive maintenance works are taken in 

account by using Markov state space diagrams. For this purpose, random failures and failures due to deterioration are 

considered. An appropriate technique for calculating the state probabilities of the developed Markov model is presented 

and the optimal value of the time to conduct preventive maintenance is determined by maximizing the transformer’s 
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availability index with respect to preventive maintenance rate. Furthermore, the results obtained from the analysis of a 

practical application are presented in order to illustrate the benefits of the proposed method as well as to identify the way 

that maintenance rates can maximize the in-service component’s performance. For this purpose, the available historical data 

of Athens Metro traction transformers’ operation since 2000 are used.  

STATE DIAGRAMS IN MAINTENANCE MODELING 

It has been widely proposed that deterioration and maintenance can be illustrated by a state diagram. Mathematically, 

the state diagram can be represented by a Markov process, which can be solved by standard Markov methods. The 

advantage if using state diagrams while modeling maintenance of deteriorating equipment is that they provide a simple, 

graphical illustration of the maintenance strategy. Furthermore, they can directly be used as a basis for the mathematical 

model i.e., the Markov process. Thus, the diagrams provide an easy and straightforward tool that can be used to build the 

mathematical model.  

In many applications, failures can be divided into two categories: random failures and those arising from deterioration 

(ageing). In the latter case, the deterioration process can be represented by a sequence of stages of increasing wear, finally 

leading to equipment failure. A state diagram representing a simple failure-repair process for this case is shown in Figure 

1(a).  

 

Figure 1(a)  Simple State Diagram Failure-Repair 

 

If no maintenance is carried out, a new system will run through all stages of deterioration, S1-S3, and will sooner or 

later reach the fault state, denoted F. In a simple case, the system will be replaced or repaired to a state of “as good as new”, 

that is, the system is restored to state S1 after failure. In practice, traction transformers among other systems are maintained 

regularly to avoid failures and to intervene if the technical condition becomes critical. Therefore, maintenance actions that 

improve the system condition are either carried out according to predefined schecule, or the equipment is inspected 

regularly to decide if and what kind of approach will be applied. In a simple classical state diagram with maintenance states 

as shown in Figure 1(b), it is asumed that maintenance actions will bring on average an improvement to the equipment’s 

condition to the previous stage of deterioration.  

 

Figure 1(b) Classical State Diagam with Maintenance 

State Diagram for Modeling Maintenance Outage 

Based upon the classical maintenance state diagrams that are commonly used in Markov processes, a model is 

developed in order to relate maintenance policies, the deterioration effects and the availability.  It is of common knowledge 

that the state diagram is denoted as a Markov process if the environmental and operational conditions for the system are 

relatively stable as a function of time. This means that the time of moving to the following state is modeled by an 

expoenential distribution and the future process is independent of anything that happened in the past. All the necessary 

assumptions about the ageing process and the maintenance activities are incorporated in a appropriate state-space (Markov) 

model. The model consists of the states the equipment can assume in the process, and the possible transitions between 

them. In this Markov model, the rates associated with the transitions are assumed to be constant in time. 
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In the proposed model, it is assumed that traction transformers are repairable devices. The time to repair depends on 

the type of failure and the stage of deterioration. A scheduled maintenance program is applied in the equipment, that is, 

each transformer is taken out of service for Preventive Maintenance to be performed periodically. Inspections consist only 

of visual checking and are not part of this model. Depending on the findings of the preventive maintenance, the equipment 

can transit in a respective deterioration stage. If deterioration is modelled in limited discrete steps, then each maintenance 

action can return the equipment only to the initial state. The transformer remains at the same deterioration state upon 

completion of maintenance activities. It is assumed that the duration of each stage of deterioration as well as the times for 

repairing failed equipment is exponentially distributed. Preventive maintenance activities always set back to the -brand as 

new-initial state.  

For this model, both random failures and failures due to deterioration may occur. Deterioration is modelled as 

occurring in s discrete steps. The time spent in each stage of deterioration is assumed to be exponentially distributed with a 

mean time of 1/λij, where λij is the transition rate from state i to state j. Preventive maintenance is assumed to improve 

always the transformer’s condition to as -good -as -new state and it is modelled by a Poisson distribution with a parameter 

λm. Preventive maintenance times are exponentially distributed with a mean time of 1/µm.  

Repair is an activity that returns the failed component to a working condition. It is considered that repairs after failure 

due to deterioration will always improve the transformer’ condition to as -good -as -new state with a mean time of 1/µM1f, 

where µM1f, is the repair rate. The same assumption is considered for random failures that may occur at any time but not 

while maintenance activities are performed on this component. A repair following random failures is completed with a rate 

of µ0 and then a return is assumed to the initial state D0. 

Modelling of Traction Transformers with Maintenance Outage  

The maintenance model for traction transformers proposed approximates the deterioration process of a transformer 
by two discrete states (D1 and D2). D0 is denoted as the initial state of the equipment while M1 is the preventive 
maintenance state whose actions are performed periodically. A schematic diagram of the model is shown in Figure 2.  

M1

D1

D2

F

F0

λM1D1

λ0

μ0

μM1f

μM1D1

λM1f

λM1D2

D0

μM1D2

λm

μm

 
Figure 2 Schematic diagram of proposed model 
 
At maintenance state, the actions that are performed mainly reveal the deterioration stage of the equipment.  In this 

case, maintenance activities can lead either to minor deterioration state or to major deterioration state or to complete 

failure.  Therefore, it is assumed that Preventive Maintenance activities can improve the component’s condition only to the 
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good as new state. D0 is assumed to be the initial state, whereas the equipment operates in a condition equal to good as 

new. 

The state transition matrix of this model can be formed and resolved in order state probabilities can be extracted by 

means of linear equations, as shown in Table 1, where each row is equal to the negative sum of all the transition rates in 

the respective row i. As time goes to infinity the state probabilities will reach a steady – state value where all derivatives are 

equal to zero.  

Table 1. State Transition Probabilities Matrix (A) 
 D0 M1 D1 D2 F F0 

D0 -(λm+λf)  λm 0 0 0 λf 
M1 µm -(λM1D1+λM1D2+λM1f+µm) λM1D1 λM1D2 λM1f 0 
D1 0 µM1D1 -µM1D1 0 0 0 
D2 0 µM1D2 0 -µM1D2 0 0 
F 0 µM1f 0 0 -µM1f 0 
F0 µf 0 0 0 0 -µf 

 

Therefore, the steady- state probabilities can be calculated by a direct solution of the following equation: 

                (1) 

 

This set of equations has only n-1 independent equations and in order to solve it for the calculation of the steady-state 

probabilities an additional equation is needed. The equation needed is  

                                       (2) 
           

where P= [P0 PM1 P1 P2 Pf Pf0]. Pi is the steady state probability that the transformer is in state i, where i equals to 0, 

M1, 1, 2, F, F0. These equations can be solved by applying a recursive approach which has been implemented in excel and 

Matlab software. 

The availability of the transformer in service A is calculated by adding the relevant steady state probabilities of all the 

states indicating the transformer operation. In this case, the only available state is D0, therefore, 

                                                      (3) 
 

All the other states define the unavailable state of the equipment, since the actions that are included in them are 

performed with equipment outage.  

Preventive Maintenance Frequency Optimization  

In the previous sections, it is clear that maintenance can be utilized as a control mechanism that affects the reliability 

of the equipment. Alternation of maintenance interval can either increase or decrease the availability of the equipment. This 

relationship can be modeled by formulating an optimization problem that maximizes the availability be varying the 

maintenance interval. For the model proposed, the failure rate λ of the equipment is assumed that is independent of time 

and a function of the maintenance frequency, that is λ(n) occurrences per year. Therefore the total downtime T(n) is also a 

function of n. Further, it is assumed that  

                 (4) 

where the numerical value of k indicates the failure frequency when no maintenance is performed. If tr is the average 

duration of one repair and tm is the average duration of one normal preventive maintenance, then, 

  (5) 
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The optimal value of preventive maintenance frequency (n) is calculated, by taking the derivative of T(n) with respect 

of n being equal to zero.  

   (6) 

 
The optimal value of n is then equal with 

 

           (7) 

Lifetime Modeling of Traction Transformers 

Ageing is usually measured based on the term of a failure rate function, which is the most important quantity in 

maintenance theory. The lifetime L of an ageing component as a random variable t has a cumulative probability distribution 

F(t) and a probability density function f(t)=dF(t)/dt. Therefore the instant failure rate function h(t) is defined as 

 

   (8) 

 

The failure rate allows electrical equipment in different asset classes to be compared with each other, and to make 

reference to several criteria like age, number of maintenance, time between events, etc. Whatever criteria for assessment are 

chosen, proper maintenance activitites can be performed. For the proposed model, a periodic preventive maintenance 

scheme is applied, where the equipment is operated under a block-based periodic replacement. The block-based 

replacement policy for the traction transformers does not alternate the maintenance interval even a failure of one of the 

components occurs within the maintenance interval n. A perfect repair is assumed, with the component replacement 

bringing the equipment to a “good as new” state. For this strategy the total expected cost C(n) for the maintenance interval 

n is given by the sum of preventive replacement cost, corrective replacement cost and repair cost within a preventive 

replacement and is equal to 

    (9) 

 
with Nr(n) being the expected number of repairs during a preventive replacement and Nc(n) the expected number of 

corrective replacements during preventive maintenance. It is expected then to decide at which intervals to maintain the 

equipment and whether to keep the component in old state or replace it with a new one. These decisions are made by 

comparing the annual cost of the component and checking whether it has reached its economic life. The economic life is 

also referred to as the minimum cost life or optimum maintenance interval. The optimal maintenance interval is the 

solution that minimizes the sum of these maintenance cost rates: 

 

                           (10) 

Analysis of a practical example 

In order to illustrate the developed model, a numerical implementation has been performed by using data collected 

from traction transformers that are installed in the Athens Metro power system and have been in operation gradually from 

year 2000. Their estimated operational life is calculated to 48.8529 months or 4.071 years. The equipment’s deterioration is 

divided into two discrete stages (s=2). The transition rates from maintenance state to each deterioration state are defined 

according to the findings of the preventive maintenance that is performed once a year. This type of equipment tends to 

deteriorate to a complete failure event after an average period of 4 years. After the third deterioration state has occurred, the 

equipment moves into a deterioration failure state. In addition to deterioration, the transformers may tend to fail randomly 
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on average once every 4 years. The transformers perform like new ones once they are repaired from any failed state.  

Preventive maintenance activities are performed once a year and the maximum available time when the train revenue is 

interrupted is 3.7 hours. Depending on the results of the preventive maintenance, the equipment can transit to any 

deterioration state or end up to a complete failure. The time to repair after a complete failure can exceed the 3.7 hours that 

are available due to revenue interruption. The values of all the parameters needed for the calculating the model case of 

Figure 2 have been derived from historical data and relevant experience and they are shown in Table 2. 

Table 2. Parameters definitions and values 
Parameters Rates Parameters Rates 

λm  1/year µm 69.63434                   
(8760h/3.7h*Nr. of 
transformers) 

λf 0.061409                              
(Nr. of 
failures/oper.period) 

µf 250.285714                   
(8760h/MTTR) 

λM1D1 0.163757                                   
(Nr. of 
failures/oper.period) 

µM1D1 1208.275862                
(8760h/MTTR) 

λM1D2 0.368453                              
(Nr. of 
failures/oper.period) 

µM1D2 238.594580                
(8760h/MTTR) 

λM1f 0.061409                              
(Nr. of 
failures/oper.period) 

µM1f 1946.66667                
(8760h/MTTR) 

 

Table 3 presents the obtained values of the state probabilities for the model. The availability of the model is calculated 

to be 0.999719466.  

Table 3. Calculated State Probalibilities for the developed model 
 State Probabilities Values 

 P0 0.999719466 

 PM1 3.5188E-05 

 P1 4.769E-09 

 P2 5.43395E-08 

 Pf 1.11003E-9 

 Pf0 0.000245286 

The variation of Availability upon dependence of the preventive maintenance rate (λm) is illustrated in Figure 3, where 

it is clearly shown that availability increases when the preventive maintenance visits are rare letting the equipment not to 

undergo unnecessary maintenance procedures.  

By applying the estimated and calculated data into the optimization formulation problem, the optimal value of the 

preventive maintenance frequency (n) can calculated to once every 15 months. For this value, λm has the value of 0.01963 

and the Availability index reaching its respective value of 0.999726482. The estimated values of the parameters for 

calculating the optimal value of preventive maintenance frequency (n) have been derived by relevant experience and are 

shown in Table 4.  

Table 4. Parameters/values for optimization calculation 
 Parameters Values 

 k 3 (failures/year if no maintenance is performed) 
 tr 4 (mean hours of each repair) 
 tm 3.7 (mean hours of each maintenance) 
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Figure 3 Impact of Mean Time to Preventive Maintenance to the Availability index 

For the maintenance strategy that is applied in Athens Metro, the maintenance costs, the repair costs and the 

corrective replacement costs have been used to calculate the optimum maintenance interval that minimizes the total cost as 

indicated in equation (9).  Figure 4 illustrates the graphical solution, whilst the analytic methods indicate the optimum 

maintenance interval of approximately 1.54 years or 18.49 months that minimizes the total cost to the value of 11.096€. In 

Table 5 the maintenance and repair costs associated with each activity are presented and have been derived from historical 

data of the company. 

Table 5. Parameters/values for cost optimization calculation 
Parameters Values 

Cost per preventive maintenance replacement action – Cp 3.600€ 
Corrective replacement cost -Cc 5.200€ 
Repair cost within preventive maintenance-Cr 250€ 
Expected number of repairs during a preventive replacement -Nr(n)  λ 
Expected number of repairs during a preventive replacement -Nc(n) λ*fd 

Expected number of failures per year - λ  3 
Expected number of corrective actions per year - fd  ½=0.5 
Maintenance Interval - n 1-year 

 

                             

Figure 4 Optimal Maintenance Frequency related to maintenance, repair and corrective costs. 
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As it can be observed the optimal maintenance frequency that minimizes the total cost is slightly bigger that the one 

calculated for the maximum Availability index.  

CONCLUSIONS 

This paper examines mainly the effect of maintenance procedures on the Availability index of traction transformers. 

By modifying the maintenance interval, the Availability index varies accordingly until reaching its maximum value. 

Maintenance activities are also influenced by the deterioration stages and their results are related with the equipment’s 

necessity for repair and further corrective actions. As the mean time to deterioration failure increases, greater availability 

values can be obtained when preventive maintenance techniques are applied. Additionally, if the time to repair increases, the 

Availability index will decrease. For random failures, that are not been affected by maintenance procedures, one possibility 

could be the implementation of frequent inspection procedures that can reduce the failure rate. Regarding the associated 

costs with the block replacement policy that is already adopted, the maintenance interval is directly related and when it is 

increased the total costs are reduced, indicating the optimal interval.  For the equipment under study, the total operational 

time and the number of installed traction transformers develop a small sample of equipment which though shows the trend 

for future use by the company.   
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ABSTRACT 

Transport sector is responsible for a great amount of energy use as well as energy related carbon dioxide and is the sector that may promise 

great environmental benefits by becoming independent on fossil energy sources that moreover are becoming more and more sparser. Railway 

electrification is very challenging taking into consideration the targets that are set for the improvement of rail sector energy efficiency and reductions 

of GHG as well as the interoperability and safety of European railways. The aim of this paper is to estimate the electrification impact on the 

energy consumption and the corresponding CO2 emissions of Greek railway for the period of 2013-2050. This is achieved through the 

development of a computational algorithm spreadsheet which calculates the energy consumption and the corresponding CO2 emissions from Greek 

railways taking into account data retrieved from bibliography, other research studies, and actual data. The results clearly show that there is strong 

relation between railway electrification share, the fuel mix used in electric power production, and the reduction of energy consumption and CO2 

emissions. The outcomes of this study could provide significant reference knowledge for future reductions of energy consumption and waste gas 

emission in Greek’s railway transportation. 

INTRODUCTION 

With a nearly 100% dependency on oil products, transport sector represents around 28% of global energy use and is 

responsible for nearly 23% of energy related carbon dioxide (CO2) emissions worldwide and these shares will likely rise in 

the future. Given current trends, transport energy use and CO2 emissions are projected to increase by nearly 50% by 2030 

and more than 80% by 2050 (IEA, 2009; IEA, 2014). Within the European Union (EU), transport is responsible for about 

33.2% of total energy consumption and 31% of total CO2 emissions (IEA, 2014).  

According to International Railway Association, (UIC 2014a), transport is a key sector of the green economy and 

electrification of railways can prove to be a guide for national energy saving and exhaust reducing, as transportation industry 

plays an important role in national energy consumption and therefore in national economy. There have been several studies 

that supports the benefits of railway electrification against diesel powered locomotives (Dincer and Elbir, 2007; Jicheng et 

al., 2010; Ministry for the Environment, 2006; He and Xu, 2011; Chaturvedi and Kim, 2014). For this purpose, the world 

railway sector via the International Railway Association, in which Hellenic Railways Organisation (OSE) is a member, has 

set the following targets for improvement of rail sector energy efficiency and reductions in green house gas (GHG) 

emissions (UIC, 2014a): 

• Reduction 50% by 2030 and 60% by 2050 in specific final energy consumption from train operations (relative to a 
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1990 baseline). 

• Reduction 50% by 2030 and 75% by 2050 in specific average CO2 emissions from train operations (relative to a 

1990 baseline). 

These targets will be achieved by railway companies across the world through electrification of existing lines and 

decarbonization of electricity supply. This study estimates the impact of the electrification of Hellenic railway network on 

the energy consumption and CO2 emissions for the period 2008-2050 The analysis requires the energy consumption of 

both diesel-power and electrified locomotives in combination with the Greek electricity generation fuel mix used for 

powering the electrified locomotives and railway transport work performed using actual data for the period of 2008-2013 

and forecasting data for each decade until the year of 2050. 

RAILWAY NETWORK IN GREECE 

The Hellenic Railways Organization (OSE) (Greek: Οργανισμός Σιδηροδρόμων Ελλάδος or Ο.Σ.Ε.) is the Hellenic 

national railway company which owns, maintains and operates all railway infrastructure in Greece. The Hellenic railway 

network due to the mountainous ground of the country is relatively limited with total length in operation at the end of 2013 

to be 2.265km (OSE, 2013). The same railway system serves both passenger and freight traffic. The main rail network 

consists of the following lines as shown in Figure 1: 

• “Piraeus - Athens - Thessaloniki - Idomeni”  

• “Thessaloniki - Alexandroupoli - Ormenio” 

• “Athens – Patra”  

 

Figure 1 Greek main rail network (OSE, 2014, p3-5) 

Electrification share (or rate) is defined as the percentage of the length of electrified railways in operation to the total 

length of all the railways. Worldwide in the rail sector, the share of electrified lines reaches 31% while in European Union 

over 50% of the track lines are electrified (IEA 2012a). According to International Railway Association, (UIC 2014b) in 

2014 only 22% of the Hellenic rail network is electrified and the remaining is non-electrified. Figure 2 presents data of the 

electrification share of the Hellenic railway network for the period 2008-2013 while estimations given per decade up to the 
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year of 2050 when the network is planned to be fully electrified: (OSE, 2012; OSE, 2013 OSE, 2014; YPODOMES, 2015). 

The railway transport work (RTW) for both passenger (passenger-kilometers) and freight (tonnes-kilometers) 

performed in Greece for the years 2008 - 2013 and estimations up to the year of 2050 are also shown in Figure 2, according 

to studies (RAS, 2013; RAS, 2014; Bank of Greece, 2011). It seems that although a decrease more than 50% of RTW during 

the period of 2008 - 2013, forecasting data shows a signifcant move from other transport modes to railway transportation 

and an increase of RTW for both passager and freight transportation. 

 

 

 

 

 

 

 

 

Figure 2 Evolution of Greek railway transport work and electrification share 

METHODOLOGY AND EQUATIONS 

Two main scenarios were considered in order to estimate the electrification impact on the energy consumption and 

the corresponding CO2 emissions of Greek railway network for the period of 2013-2050. The first scenario assumes that 

the percentage of the electrification share at the year 2013 will remain constant up to the year 2050 and is taken as the “base 

scenario”. The second scenario considers data from published studies where the share of electrified rail network gradually 

increases until it reaches a completely electrified railway network by year 2050, as shown in Figure 2. Actual published data 

were used for the period of 2008 - 2013 while forecasting data from published studies were used for the calculations 

performed up to the year 2050. 

In order to estimate the future energy consumption and the corresponding CO2 emissions of the Greek railway 

network, it is essential to analyse existing situation. Data and known values were used as inputs and in correlation with 

constant values and mathematical formulas, the outputs of the model were the unknown parameters, as shown in Figure 3. 

 

Figure 3 The computational process 

The flowchart in Figure 4 presents the computational process step by step in order to estimate the impact of the 
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Greek railway electrification on the final energy consumption and the corresponding CO2 emissions. The blue circles 

specify the calculations performed, the boxes represent the parameters of the computational algorithm and the arrows 

determine whether the parameter is an input or an output to the blue circles. The inputs are the known values; they are 

retrieved from the literature and are variable with time. The outputs are the unknown parameters of the problem and they 

are calculated using mathematical formulas, the input values and the constant values. Finally, the constant values are 

considered constant and not variable with time, for the time period under examination, and are used when we need to 

simplify the calculations or when there is no information in the literature available for them. Cyan represents the inputs, red 

the constant values, yellow the intermediate outputs and green the final outputs. 

 

Figure 4 The computational process step by step, to estimate the impact of rail electrification on the energy consumption 

and the corresponding CO2 emissions in Greece 

Estimation of the electricity generation fuel mix in Greece and the corresponding specific CO2 emissions 

per kWhe 

The CO2 emissions that derive from electrified rail tracks are highly dependent on the fuel mix that is used for 

electricity production by the Greek Public Power Cooperation. Therefore, for the period between 2008 -2013 information 

was collected from the Greek Public Power Corporation and International Energy Agency (PPC, 2009-2013; IEA, 2014). 

The predicted electricity fuel mix for the next decates up to 2050, derived from Bank of Greece (2011). As that report was 

based on several scenarios, data from the “Scenario of Mitigation of RES” were used, which includes high penetration of 

RES in electricity generation and development of storage techniques, with no use of nuclear energy technologies and 

capture and storage of carbon. According to the data the electricity generation from lignite plants will be reduced to 10% in 

2050. In the same way, the use of oil will be restricted only to the non- interconnected system with the withdrawal of old oil 

units and the gradual interconnection of islands. The only fossil fuel that will experience an upward trend is natural gas, in 

2020 it will contribute 19,2% to overall electricity production and it will rise to 41,5% in 2050. RES will acquire 39,5% share 

of electricity in 2030 and 47% in 2050. 
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The following formula calculates the specific CO2 emissions per electricity produced fsp (gCO2/kWhe) 

    (1) 
Where xi is the contribution of each fuel to the total electricity production (%), ξ is the specific CO2 emissions per 

electricity produced of each fuel gCO2/kWhe) and j is the year under examination. 

According to Kaldellis et al. (2009), the specific CO2 emissions per kWhe of produced electricity are 1,000 g/kWhe for 

lignite and 490 g/kWhe for natural gas and according to IEA (2012b), oil emits 762 gCO2 per kWhe of produced electricity. 

Hydro and RES are considered to have zero emissions as also the connections. Specific CO2 emissions per electricity 

produced of each fuel are considered to be constant up to 2050. 

The results of the above calculations are presented at the following Table 1. 

Table 1: Specific CO2 emissions (fsp) per electricity produced (kWhe), 2008-2050  

Year gCO2/kWhe 

2008 703.9 

2009 629.9 

2010 621.5 

2011 644.8 

2012 656.6 

2013 577.6 

2020 488.3 

2030 377.4 

2050 314.8 

Calculation of energy consumption and CO2 emissions 

The environmental impact (energy consumption and CO2 emissions) of the railways is calculated by using data from 

the methodology and data reports of “Ecopassenger” model (UIC, 2011) for the passenger transportation and the 

“Ecotransit” model (EWI, 2014) for the freight transportation. According to these reports average electric trains consumes 

70Wh/pkm and 32.2Wh/tkm and average diesel trains consumes 17g of diesel per pkm and 87Wh/tkm. 

As the railway system consists of both electric and diesel locomotives the sum of the energy consumption of electric 

and diesel trains provides the final result. Therefore,  

  (2) 

Where, Efinal/rail is the final energy consumption of the railway locomotives (kWh), Eel/rail is the electricity consumption 

of the electric locomotives (kWhe) and Ed/rail is the diesel consumption of the diesel locomotives, (kWh). 

Also, the final energy consumption of the railway locomotives is the sum of the final energy consumption which is 

used by the passenger locomotives and the freight locomotives. Hence:  

 (3) 

Where, Eel/rail is the electricity consumption of the electric locomotives (kWhe), Eel/rail-pas is the electricity consumption 

of the passenger electric locomotives (kWhe), Eel/rail-fr is the electricity consumption of the freight electric locomotives 

49



 
EinT2016 - 1rd International Conference “ENERGY in TRANSPORTATION 2016”  

 

(kWhe). 

And                                                 (4) 

Where, Ed/rail is the diesel consumption of the diesel locomotives (kWh), Ed/rail-pas is the diesel consumption of the 

passenger diesel locomotives (kWh) and Ed/rail-fr is the diesel consumption of the freight diesel locomotives (kWh). 

The diesel consumption (tn) of the diesel passenger locomotives can be calculated by the following equation: 

  (5) 

Where, RTWpkm = annual passenger railway transport work, (pkm), ed-pkm = specific diesel consumption of diesel 

passengers locomotives, (g of diesel fuel /pm) and xelectrification = electrification share of railway system at each year, (%) 

The electricity consumption (MWhe) of the electric passenger locomotives can be calculated by the following 

equation: 

   (6) 

Where, RTWpkm = passenger railway transport work at each year, (pkm), eel-pkm = specific energy consumptions of 

electric passenger locomotives, (Wh/pm) and xelectrification = electrification share of railway system at each year 

Taken into consideration the electricity transmission losses the generated electricity (Eel-gen , MWhe) is calculated: 

  (7) 

 

Where, Eel/rail-pas = electricity consumption of passenger locomotives, (kWhe) and nnetwork = efficiency of the network = 

97%, excluding the transmission losses 3%, (Kaldellis et al., 2005). 

Furthermore, the CO2 emissions are calculated in each case by multiplying the energy consumption and the emission 

factor of diesel engines 2.941gCO2/kg of diesel fuel (EWI, 2014) or the specific CO2 emissions per electricity produced 

(Table 1). 

All the above calculations are also applied by using the relevant values for the freight transportation and finally the 

specific final energy consumption of the passenger and freight locomotives (efinal/rail(pas) ad (efinal/rail(fr)) and the specific CO2 

emissions of the passenger and freight locomotives (qrail(pas) and (qrail(fr)) is calculated by dividing the energy consumption 

and the corresponding CO2 emissions to the corresponding railway transport work (RTW). 

As diesel locomotives are driven by diesel oil burning equipment and electric locomotives are driven by electricity, all 

the consumed energy must be converted to a standard fuel, which is coal equivalent (ce) in order the resutlts to be 

comparable. The value of 1.4571 is the reference coefficient for converting diesel oil to coal equivalent and the value 0.1229 

is the reference coefficient electricity to standard ce (He and Xu, 2011). Hence, the final outputs of the computational 

algorithm will be the specific energy consumption per passager kilometer (ce/pkm), the specific CO2 emissions per passager 

kilometer (gCO2/pkm), the specific energy consumption per tonne kilometer (ce/tkm) and the specific CO2 emissions per 

tonne kilometer (gCO2/tkm). 
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RESULTS AND DISCUSSION 

Figures 5 and 6 illustrate the specific primary energy consumption per passanger–km and per tonne – km for both 

under examination scenarios. An increase of railway electrification share results in reducing the specific primary energy 

consumption of passenger transportation by 184,0ce/pkm over the period of 2013-2050, achiving an overall reduction of 

about 21%. Similarly, the specific energy consumption of freight transportation is reduced by 71,0ce/tkm by completely 

electrifying the railway system in 2050, resulting a saving of 19% over the period 2013-2050. 

It is also derived from Figures 5 and 6 that the electrification share strongly contributes to the reduction of energy 

consumption and CO2 emissions in comparision with the contribution of the electricity generation fuel mix. 

 

 

Figure 5 Railway specific primary energy consumption per passenger-km. Figure 6 Railway specific primary energy consumption per tonne-km 

 

 

 

 

 

 

 

 

 

 

Figure 7 Railway specific CO2 per passenger-km.    Figure 8 Railway specific CO2 per tonne-km 

 

Figures 7 and 8 present the variation of the specific CO2 emissions per passanger–km and per tonne–km for both 

under examination scenarios over the period of 2008-2050. Calculations showed that over the period 2013–2050 

electrification of Greek railway can contribute to a reduction of 286gCO2 emissions per passanger–km and 111gCO2 per 

tonne–km which corresponds to savings 16,6% and 15% respectively.  

Analysis of the results obtained by the algorithm showed that there is a close correlation between electrification share 

and energy savings and emission reduction, which can be expressed by a first degree linear equation, as demonstrated in 

Figures 9 and 10.  
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Figure 9 Correlation of the electrification share and energy savings  Figure 10 Correlation of the electrification share and CO2 savings 

 

He and Xu (2011) calculated the energy saving and the direct CO2 of the electrified railways in China for the period 

1975-2007. Although their research refers to examination of historical data and not forecasting data as this one, they also 

concluded with the same correlation relationship between the electrification share of China’s railway with the energy savings 

and CO2 emissions reduction. 

CONCLUSION 

The impact from the electrification of the Greek railway on energy consumption and CO2 emissions for the period 

2008-2050 was investigated in this paper. This was achieved with the development of a computational algorithm 

spreadsheet which calculates the energy consumption and the corresponding CO2 emissions from Greek railways taking 

into account data retrieved from bibliography, other research studies, and actual data. The developed algorithm provided 

results which are in accordance with other research results where actual historical data were used and referred to a country 

with different electricity fuel mix and railway transport work than Greece.  

In Greece, railway energy consumption and CO2 emissions reduction are highly affected by the electrification of the 

Greek railway network and less by the electricity generation fuel mix. Over the period from 2013 to 2050 a reduction of 

energy consumption of Greek railway transportation and corresponding CO2 emissions by 20% and 16% respectively can 

be achieved as the full electrification of the railway network will be completed by 2050. 
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ABSTRACT 
Most obvious is the current impact of the economic and financial crisis which has affected Member States' capacity to invest. The EU 

integrates various energy and climate policy objectives, such as reducing greenhouse gas (GHG) emissions, securing energy supply and supporting 
growth, competitiveness and jobs through a high technology, cost effective and resource efficient approach while, at the same time, identifies the need 
to reflect for a new 2030 & 2050 framework for climate and energy policies.  

Against this background the EU intends to make an ambitious commitment in undertaking further greenhouse gas emission reductions in 
line with the cost-effective pathway described in the 2050 roadmaps, primarily by assisting MS at meeting common energy and climate challenges, 
more cost-effectively, while furthering market integration and preventing market distortion. The transport sector could play an important role in 
terms of achieving reduction of the greenhouse gas emissions and the desired market driven approach, mainly through a modern and coherent 
infrastructure design and smarter pricing of infrastructure usage.  

Institutional state of the art and future trends may include various initiatives in terms of ensuring that policy objectives are delivered; for this 
reason regulatory and financial instruments could be strengthened accelerating current efforts. The topics concerned could be: greening the energy, 
energy strategy and compatibility with environmental goals, sustainable energy, a new energy efficiency plan and Directive.  New governance system 
is necessary with a view at increasing the share of renewable energy and energy savings in the Union (this system for example can be specifically 
tailored for meeting the needs of Greece); potentially amending the Energy Efficiency Directive which takes a more holistic approach to energy 
savings in the EU; substantially revising of the Directive on Renewable Energy Sources, so as to ensure that the 2030 EU level target can be 
met; rapidly deploying renewable energy market (mainly through a market driven approach and focusing among the main sectors concerned: the 
transport sector) and finally, linking better the investment cycles with the infrastructure. 

1. IDENTIFYING THE NEED TO REFLECT FOR A NEW 2030 & 2050 FRAMEWORK FOR CLIMATE AND 
ENERGY POLICIES  

Most obvious is the current impact of the economic and financial crisis which has affected Member States' capacity to 
invest. The EC acknowledges that given the current very significant deterioration in the state of public finances in several 
Member States, new and innovative solutions would be explored, ensuring efficient and effective financial support to help 
align public funding and incentive mechanisms with the strategic targets of the EU. (COM (2013), 169 final). Whilst the 
economic and financial crisis shifted the focus of industrial competitiveness policies towards short-term rescue and 
recovery actions, it is expected that in the future, policy making has to focus on longer-term structural challenges, in 
particular achieving global competitiveness, climate change, energy, population ageing, skills and knowledge objectives.  
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EC literature notes that China, India, Brazil, the USA, the EU and more than 100 countries (representing more than 
80% of global emissions) commit themselves collectively to specific climate policies. However, from a general point of 
view, climate action has been fragmented and customised to specific economic conditions. 

In the context of fiscal consolidation, from an EC point of view it is noted that competitiveness strategies cannot be 
built on major spending programmes, but are more likely to address structural reforms in areas such as improving the 
business environment, modernising public administrations, improving companies’ ability to innovate or enhancing energy 
efficiency while at the same time, policy measures may be needed to accompany ongoing structural change within and 
across industries. (COM (2010) 614 final) 

Furthermore, the EU approach prioritizes an integration of various energy and climate policy objectives, such as: 
reducing greenhouse gas (GHG) emissions, securing energy supply and supporting growth, competitiveness and jobs 
through a high technology, cost effective and resource efficient perspective while, identifying at the same time, the need to 
reflect for a new 2030 & 2050 framework for climate and energy policies (COM (2013), 169 final).  

Against this background, the 2030 policy framework would further enhance full implementation of the 20/20/20 
targets and: the 2050 roadmap steps (e.g.  increased share of renewables, innovation potential, reduced energy import 
dependence, minimizing undesirable  impacts  of renewables support schemes on energy markets energy prices and public 
budgets), the simplification of the European policy framework, the improvement of complementarity and coherence 
targets, in terms of better calibrating policy objectives and instruments performance, the regional cooperation aiming at 
meeting common energy and climate challenges while furthering the market integration and enhancing the development of 
renewables.  

Moreover, the new 2030 framework must take into account the current international situation and expected 
developments. More particularly focusing the energy landscape it is accepted that the latter is undergoing far-reaching 
changes. Given also that in the period until 2030 energy demand will increase globally, in particular in Asia, with expected 
strong rise in hydrocarbons imports in countries such as China and India that means fulfilling expectations related to the 
development of new resources (made possible by technological advances -deep offshore, enhanced recovery techniques, 
unconventional resources-) and the related geographical diversification of production and trade routes (notably for 
Liquefied Natural Gas). Due to an EU high import dependency on energy, major are the expected impacts from energy 
trade flows and energy prices that are also deeply affected by these developments. Thus, from an EC point of view, 
globalization of energy flows and the increased variety of international actors is creating momentum to develop a new 
approach to rule-based energy governance worldwide (COM (2014) 15 final).  

In addition, the Clean Development Mechanism (CDM), allows a country with an emission-reduction or emission-
limitation commitment under the Kyoto Protocol (Annex B Party) to implement an emission-reduction project in 
developing countries. Such projects can earn saleable certified emission reduction (CER) credits, each equivalent to one 
tone of CO2, which can be counted towards meeting Kyoto targets. A CDM project activity might involve, for example, a 
rural electrification project using solar panels or the installation of more energy-efficient boilers.  

The mechanism stimulates sustainable development and emission reductions, while giving industrialized countries 
some flexibility in how they meet their emission reduction or limitation targets. 
(http://unfccc.int/kyoto_protocol/mechanisms/clean_development_mechanism/items/2718.php, defined in Article 12 of 
the Protocol & http://climateneutralnow.org/SitePages/Home.aspx). 

Concluding, it is important to stress that the overall competitiveness of European industry highly depends on the 
quality and efficiency of the energy, transport and communication infrastructure services. Thus, the upgrading and 
modernization of these networks is essential; Transport networks need to be improved to overcome bottlenecks and 
improve cross-border connexions. Additionally, energy networks must be upgraded and modernised to incorporate smart 
grids, facilitate the integration of renewables, ensure a fully functional internal energy market and improve security of 
supply. Further efforts need to be made to upgrade infrastructure in the new Member States and less developed regions. 
From an EC point of view, these improvements would be requiring massive investments and the development of more 
innovative financing solutions such as project bonds, private-public partnerships and smart finance could be of added value 
(COM (2010) 614 final).  
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2. MEETING COMMON ENERGY AND CLIMATE CHALLENGES THROUGH A MARKET DRIVEN 
APPROACH; THE ROLE OF THE TRANSPORT SECTOR  

According to the Green Paper “a 2030 framework for Climate and Energy Policies”: “Energy and climate policies can 
drive demand and growth in the low carbon economy. The EU is a frontrunner in clean and more energy-efficient 
technologies, products and services and eco-technologies which together are expected to generate some 5 million jobs in 
the period up to 2020 (Communication Towards a job-rich recovery (COM (2012) 173 final)). At the same time, the policies 
have been criticized for having a negative impact on energy prices, adversely impacting affordability of energy for 
vulnerable households and the competitiveness of energy intensive sectors even though they may reduce industry's 
exposure to energy costs and improve resilience to energy price peaks”.  

Specifically focusing the Transport sector, recent EEA report (2016) depicts that the EU's transport sector depends 
on oil for 94 % of its fuel (4), 90 % of which is imported thus, making it particularly vulnerable to instability and changes in 
the global energy market while a disruption in the energy supply could severely undermine the economy and hamper the 
quality of life in the EU. To avoid this negative impacts, the EU aims to reduce its oil consumption in transport (including 
maritime bunkers) by 70%, by 2050, compared to 2008 levels. 

Against this background, the EU intends to make an ambitious commitment in undertaking further greenhouse gas 
emission reductions, in line with the cost-effective pathway described in the 2050 roadmaps, primarily by assisting MS at 
meeting common energy and climate challenges, more cost-effectively, while furthering market integration and preventing 
market distortion. The transport sector could play an important role in terms of achieving reduction of the greenhouse gas 
emissions and the desired market driven approach, mainly through a modern and coherent infrastructure design and 
smarter pricing of infrastructure usage (COM (2014) 15 final; COM (2011) 885,; COM (2011) 112A).  

The Transport White Paper (COM (2011)144) established a goal to reduce the greenhouse gas emissions from the 
transport sector by 60% by 2050 compared to 1990 and by around 20% by 2030 compared to emissions in 2008. Further 
reduction of emissions from transport will require a gradual transformation of the entire transport system towards a better 
integration between modes, greater exploitation of the non-road alternatives, improved management of traffic flows 
through intelligent transport systems, and extensive innovation in and deployment of new propulsion and navigation 
technologies and alternative fuels. This will need to be supported by a modern and coherent infrastructure design and 
smarter pricing of infrastructure usage. Member States should also consider how fuel and vehicle taxation can be used to 
support greenhouse gas reductions in the transport sector in line with the Commission's proposal on the taxation of energy 
products (COM (2011)169).  

The EEA reports  that emissions from different transport modes varied substantially over time; precisely, in 2014, 
about a quarter of the EU's total GHG emissions came from transport and that according to preliminary data, passenger 
cars contributed to 44 % of transport sector emissions, while heavy-duty vehicles and buses a further 18 %. In addition, 
international aviation emissions almost doubled and road transport increased by 17 % in this period, whereas emissions 
from rail transport and inland navigation declined by more than 50 % and almost 37 % respectively. 

Nevertheless, from an EU perspective, establishing new targets for renewable energy or the greenhouse gas intensity 
of fuels used in the transport sector or any other sub-sector after 2020 is not so appropriate; and the assessment of how to 
minimize indirect land-use change emissions made clear that first generation biofuels have a limited role in decarbonizing 
the transport sector. Also, European Commission previously indicated, for example, that food-based biofuels should not 
receive public support after 202   (EEA Signal 2016; COM (2012) 595), while a certain range of alternative renewable fuels 
and a mix of targeted policy measures building on the Transport White Paper are needed to address the challenges of the 
transport sector, in a 2030 perspective and beyond. The focus of policy development should be on improving the efficiency 
of the transport system, further development and deployment of electric vehicles, second and third generation biofuels and 
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other alternative, sustainable fuels as part of a more holistic and integrated approach. This also goes in line with the 
alternative fuels strategy (COM (2013) 17 final) and should be further taken into account in future reviews and revisions of 
the relevant legislation, for the period after 2020.  

Transport continues to heavily rely on fossil fuels, especially petrol and diesel. But, in principle the energy for 
propelling vehicles can be derived from different sources as well e.g. biofuels (biodiesel and bioethanol); alternative fossil 
fuels (liquidified petroleum gas LPG and compressed natural gas CNG); hydrogen and electricity. (Delft Report, 2006) 

 The impacts of transport on human health, the environment and climate change are closely linked to the choice of 
fuel. Clean alternative fuels, including electricity, are already available and can constitute viable options to petrol and diesel. 
Trip length plays a role in determining the suitability of the fuel type (for example, electricity might be more suited to 
passenger cars in urban settings or those travelling shorter distances). The uptake of cleaner fuels also depends on the 
extent of the infrastructure and incentives offered to prospective owners (lower taxation, free tolls, etc.). EU legislation 
requires that each EU Member State meets 10% of its transport energy consumption from renewable energy sources by 
2020, while identifies certain sustainability criteria (only those biofuels that comply with these criteria are considered 
'sustainable' according to this legislation). Moreover, the end product (electricity, biofuels, etc.) is not the only factor 
determining how environmentally sustainable a fuel is and that the way the actual fuel is produced should also be taken into 
account. 

According again to the EEA report (2016), the development of the alternative-fuels market, including investments in 
their infrastructure, is also expected to boost the economy and create new jobs. European Climate Foundation, notes that 
greening cars could create 700 000 extra jobs in the EU by 2025. Moreover, the alternative fuels market could also 
significantly reduce the EU's dependence on oil and thus the economic risks linked to fluctuations in supply. Renewing 
existing fleets with more efficient models will take time. Given their longer lifespan, replacing aircraft, train and ship fleets, 
will take more time than for cars and trucks. For passenger cars, car-sharing schemes could actually offer an interesting 
alternative to the 'one household-one car' model, especially for urban residents, and speed up the renewal of the fleet. Car-
sharing could also mean savings for the user as the costs of owning a car (purchase, maintenance, insurance, etc.) would be 
shared by a group of users. It could also reduce the number of cars parked in cities. What used to be a symbol of social 
status — car ownership — should no longer be perceived as such. 

For H. Bruyninckx (EEA Executive Director), it is easily acknowledged that decarbonizing Europe's transport sector 
will take time. It requires a combination of measures, including better urban planning, technological improvements, a wider 
use of alternative fuels, stronger price signals, innovative research, continuous follow up of latest developments and 
adoption of cutting edge technology and stricter enforcement of existing rules. It also requires all necessary investments in 
infrastructure and policy measures to be designed to this end. Turning Europe's carbon-dependent transport sector into a 
clean and smart mobility system might seem utopian target but could be feasible, if well planned and implemented; 
nevertheless this option still remains one way, given the current transport system's impacts on the environment and public 
health.  

3. NEW GOVERNANCE SYSTEM INCLUDING REGULATORY AND FINANCIAL INSTRUMENTS WITH A 
VIEW AT ENSURING THAT POLICY OBJECTIVES ARE DELIVERED  

The Commission considers that there is a need to simplify and streamline the current separate processes for reporting 
on renewable energy, energy efficiency and greenhouse gas reduction for the period after 2020, and to have a consolidated 
governance process with Member States. While Member States need flexibility to choose policies that are best-matched to 
their national energy mix and preferences, this flexibility must be compatible with further market integration, increased 
competition and the attainment of Union-level climate and energy objectives. Meeting the relevant targets would be met by 
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a mix of Union measures and national measures described in Member States' national plans for competitive, secure and 
sustainable energy which would:  Ensure that EU policy objectives for climate and energy are delivered; Provide greater 
coherence of Member States' approaches; Promote further market integration and competition; Provide certainty to 
investors for the period after 2020.  

Moreover, detailed guidance would be developed by the Commission on the operation of the new governance process 
and the content of national plans in particular including preparation of Member State plans through an interactive process; 
assessment of the Member States' plans and commitments; identifying Indicators and objectives for competitive, secure and 
sustainable energy.  

In this process it is possible also to propose a Clean and Energy-efficient Vehicles platform, bringing together 
Member States, industry, and other stakeholders to ensure infrastructure investments, including pilot projects, and to launch 
research initiatives on key technologies and materials (2012);launch a Strategic Transport Technology Plan (2011) including 
a strategic initiative on Clean Transport Systems and an e-mobility package and undertake a feasibility study on 
demonstration projects on rail energy storage and the hybridisation of diesel traction. (COM (2010) 614 final) 

The enhanced governance structure may need to be set in legislation at a later date if the envisaged cooperative 
approach is not effective. The Commission will develop its proposals for such a governance structure taking into account 
the views of the European parliament, Member States and stakeholders. The Commission also invites the Council and the 
European Parliament to endorse the Commission's approach to future climate and energy policies and its proposal to 
establish a simplified but effective governance system for the delivery of climate and energy objectives. (COM (2014) 15 
final) 

More specifically, according to the Position Paper for Greece (2012), covering the period 2014-2020: the Greek 
economy has been in recession since 2008. In 2011, real GDP contracted substantially more than in 2010, falling by 7.1%. 
This is mainly due to very weak domestic demand, in turn the result of fiscal adjustment, declines in household disposable 
income in a weak labor market and restrictive credit conditions. Productivity growth is far below euro zone average, and 
despite the recent labor market reforms, unemployment remains high.  The competitiveness of the Greek economy is weak, 
after many consecutive years of deterioration.  In 2012 further contraction is expected in the economic activity. In July 
2012, unemployment rate in Greece reached 25.1% from 17.8% in July 2011. This deterioration in the labor market affects 
almost every population group but is even more detrimental to vulnerable groups (women and young population) and 
increases poverty and social exclusion rates. In Greece the unemployment rate among young people (under 25 years old) in 
July 2012 was the highest in EU27 (55.6%).  Despite a continued economic growth in Greece up to 2008, disparities within 
and among regions remain pronounced. There are serious structural challenges that need to be addressed nationally and 
transnationally to make the Greek economy more sustainable and inclusive. The lack of an efficient public administration 
and a modern, flexible and competitive business-friendly environment prohibits growth and job creation. The current 
economic and financial crisis has been transformed to a job and social crisis. In this context, a major challenge will be the 
promotion of employment and support to labor mobility. Greece has not yet completed and tackled strategically key road, 
rail, port and airport infrastructure networks, and other support or multimodal infrastructures which hinder easy access for 
the transportation system to goods and people. Connecting routes within the country and to neighboring countries are 
insufficient. In the field of energy, the country lacks adequate energy networks to face the challenges of the growth potential 
in electricity (except RES) and natural gas.  High voltage grids lack sufficient capacity to support the penetration of RES. 
Natural gas penetration in Greece is largely depending on the expansion of the high pressure grid”.   

Over the current period (from April 2015 ongoing), important steps are undertaken both in terms of infrastructures 
strategy development and public works implementation; precisely,  up to March 2017 completion of the  5 major projects in 
terms of national key road infrastructure, is expected avoiding compensations of 0.8 billion euros for 4 out of the 5 
highways. In terms of rail infrastructure, major projects restarted after a long period of serious delays; their completion is 
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gradually expected from 2018 up to 2022.  
Athens will be then better and faster linked with Patras (within 2hours) and Thessaloniki (within 3 hours and 15min, 

out of approximately 6 hours today). Moreover, Thessaloniki would be also benefiting from the completion of its Metro 
central line and its extensions (east extension, towards Micra Airport and west extension towards Thessaloniki main railway 
station). 

Additionally, a new airport in Heraklion, Creta (Kasteli Airport) is planned to be implemented partially funded by an 
EIB loan (up to 220 mio euro); The Athens Metro line 4 (first section “Alsos Veikou- Goudi”); the Tramway extension 
from Piraeus port to Keratsini and Perama; the south section of the Central Greece road axis E65 (Lamia to Xyniada 
highway section) and the Patra - Pyrgos road axis are mainly the principal major projects thoroughly addressing the major 
(development) target that key–strategic road, rail, port and airport infrastructure networks, and other multimodal 
infrastructures could challenge. 

In terms of further necessary institutional steps, the process of a timewise transposition into the Greek law system of 
Directive 2014/94/EU (of the European Parliament and of the Council of 22 October 2014, on the deployment of 
alternative fuels infrastructures, foreseen to conclude by 18/11/2016), is currently smoothly taking place, targeting mainly 
“a coordinated approach which is necessary in order to meet the long-term energy needs of all transport modes. In 
particular, policies should build upon the use of alternative fuels, with a focus on the specific needs of each transport mode. 
In the elaboration of national policy frameworks, account should be taken of the needs of the different transport modes 
existing on the territory of the Member State concerned, including those for which limited alternatives to fossil fuels are 
available. The development and implementation of the national policy frameworks of the Member States should be 
facilitated by the Commission by means of exchanges of information and best practices between the Member States. In 
order to promote alternative fuels and develop the relevant infrastructure, the national policy frameworks may consist of 
several plans, strategies or other planning documentation developed separately or in an integrated manner, or in another 
form, and at the administrative level decided upon by the Member States.  

Finally, a potential amendment of the Energy Efficiency Directive which takes a more holistic approach to energy 
savings in the EU could enable concerted initatives and instruments (both regulatory and institutional) specifically tailored 
for meeting the needs of Greece; lastly, to substantially revise Directive on Renewable Energy Sources, so as to ensure that 
the 2030 EU level target can be met could further facilitate to rapidly deploy renewable energy market (mainly through a 
market driven approach and focusing among the main sectors concerned: the transport sector), linking better the 
investment cycles with the infrastructure. 

4. CONCLUDING REMARKS AND POLICY RECOMMENDATIONS 

As underlined in the 2011 Transport White paper, infrastructure shapes mobility; thus, no major change in transport 
can happen without the support of an adequate network and more intelligence/technological innovation in using it; while, 
transport infrastructure investments have a positive impact on economic growth, can mobilize wealth and jobs, enhancing 
trade, succeeding geographical accessibility, enhancing easier–faster people mobility. A general recommendation is that it 
has to be planned in a way that maximises positive impact on economic growth is maximized while at the same time 
negative impact on the environment is minimised; a mixed strategy involving land-use planning, pricing schemes, efficient 
public transport services and infrastructure for non-motorized modes and charging/refueling of clean vehicles would be 
prioritized.  

However, EC literature clearly acknowledges that Member States are very diverse in terms of comparative wealth, 
industrial structure, energy mix, building stocks, carbon and energy intensity, exploitable renewable resources, and social 
structure and that individual consumer groups have different capacities to invest and adapt, a diversity necessary to be taken 
into account when developing a policy framework. Climate and energy targets have very different impacts in each Member 
State and their respective citizens; options to enable effective cooperation and an equitable sharing of the required efforts 
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will need to be assessed as part of the new framework. 
The current energy and climate policy framework reflects the differing capacities of Member States by sharing the 

effort of reaching Union climate and energy targets amongst the Member States, with a lighter burden falling on lower 
income Member States. Access to finance for investments, be it through direct funding or smart finance, is already part of 
the toolbox of EU policies; for instance the proposed European Regional Development Fund for 2014-2020 and the 
Connecting Europe Facility. (COM (2013) 169 final).  

Furthermore, Transport sectors which are dealing with heavy international competition, such as aviation, shipping and 
freight transport by road, can best be incorporated in the EU Emission Trading System ETS. In these sectors a limited 
number of relatively large companies is active, so that an effective trading system can easily be set up under the condition 
that a feasible CO2 monitoring system can be designed and implemented (see e.g. (CE, 2006a) for the case of aviation). The 
EU is at present seriously considering incorporation of aviation in the EU-ETS. A similar route for sea shipping is being 
explored in a recently contracted study for the EU. Several concrete steps could be envisaged including among others 
concerted actions managing energy transitions; specific measures such as Regulation, CO2 labelling and government 
campaigns promoting eco-driving; Emission trading and CO2 differentiated taxation as several other examples of generic 
instruments; care should be taken in the following issues as well: alternative trading system, fiscal and pricing measures, 
consumer information (e.g. labelling), increased fuel excise duties (that would most probably influence consumers to buy 
more efficient vehicles) and harmonisation of existing tax regimes. All these options (technical or policy measures) could fit 
within the same (sub) sector or become the options for different economic sectors (e.g. Industry). (Delft Report, 2006) 
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ABSTRACT
The State of  Environment Report (SOER 2008-2011) was published in 2013 by the Nationl Center of  Sustainable Development and 

the Unit of  Environmental Policies 
The chapter for the transport sector and its impact to the environment was for the first time included as an independent chapter in this 

report which normally is submitted every two years in the relevant European Institution. The purpose of  this unity was, first of  all, the 
presentation of  the Greek transport sector situation in a single text, in accordance with the measures taken and politics applied for the 
environment. These measures and politics are fully affected by developments in European and international level.  

In this report the following items are presented and analysed: 
1. the role of  transport in regional planning 
2. the greek transport sector 
3. the impact of  transport on climate change 
4. greenhouse gas emissions and measures to improve air quality 
5. noise and efforts to reduce levels of  
6. combined and synchronized transfers 
7. intelligent transport systems 

The scope of  this paper is to present, analyse and evaluate the main conclusions of  the report, insisting more in the advantages of  
intergraded and synchronized multimode transport systems especially in order to reach long distance destinations or regions with geophysical 
peculiarities that cannot be easily accessed by road. It examines - as a good example - the case of  Aegean islands in Greece. This region suffers 
from many typical disadvantages of  insularity and the accessibility of  the inhabitants to services, work, health, infrastructures and recreation is 
not well served. 

INTRODUCTION 

It has been accepted that the transport systems development followed certain rules having to do with the special 
geophysical characteristics of  each place (mountains, rivers, costal zones etc.). So transport routes seek to achieve the most 
accessible (in time and cost) interconnection of  inhabited areas.  

In places with long lasting cultural and economic development, transport systems were formated through age-long 
procedures and now days spatial planning may only propose small interventions or additions to the existing infrastructure 
of  the old routes. Closed motorways and high speed trains are the only cases for a totally new design of  routes and basic 
axes. Similar is the case of  maritime routes and ports. In general, land and sea transport tends to follow and develop the 
initial basic alignments of  their old infrastructures. 

Transport is integral to most activities in our society. It is therefore being dealt with by policy at all levels, from the 
global level (i.e. United Nations) to city councils. Of  key importance is solving the dilemma between growth-oriented 
policies which tend to generate more transport, and environmental policies that call for emission reductions. The latter can 
be hard to achieve as long as technology improvements reducing emissions are outweighed by increasing transport volumes. 

Transport policies are divided in three levels: 
1. Global level 
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• Emission standards for ships and aviation are dealt with by the respective UN organisations 
(International Maritime Organization and International Civil Aviation Organization) and by 
international conventions including the Convention on Long-range Transboundary Air Pollution 
which also addresses other sectors in addition to transport. 

• The Kyoto Protocol, part of  the international Framework Convention on Climate Change, regulates 
greenhouse gas emissions including emissions from transport (except international aviation and 
maritime transport). 

2. At the EU level 
• The guiding document is the EU common transport policy (2001, reviewed in 2006). This sets out 

the priorities for action on transport issues, including environmental aspects. 
• In addition, environmental policies and legislation deal with monitoring, emission reduction and air 

quality improvement (e.g. Environmental Noise Directive, National Emission Ceilings Directive, 
Cleaner Air for Europe Directive, vehicle emission limits and fuel quality). 

3. National, regional and local levels 
• National transport policies deal partly with the transposition of  EU policies into national legislation 

and partly with the development of  the transport sector in each country. 
• The regional and local levels play an important role in practical land-use decisions which again have 

an important impact on transport demand as well as on the choice between transport modes faced by 
individual users. If  new housing developments are not provided with access to public transport, 
people are left without a realistic choice. 

The presentation is divided in four parts: 
1. The first part shows the most important issues and data, about the state of  the Greek transport sector at the 

period of  the research. Information was given by the relevant Ministries and Organizations (O.S.E., Egnatia 
Odos etc.). Each sector: road, rail, maritime and sea transport is being presented separately, with its 
peculiarities. 

2. In the second part there is short presentation of  the mesures taken by the greek relevant bodies to protect 
the environment and ensure that the conditions will not get worse. 

3. In the third part the rapporteurof  this paper, who is the author of  the chapter for the transport sector and its 
impact to the environment of  SOER, will try to go a step forward with some additional thoughts about the 
special situation of  Greece. The advantages of  intergrated and synchronized multimode transport systems 
will be shortly analysed and evaluated. These systems are needed in order to reach long distance destinations 
or regions with geophysical peculiarities that cannot be easily accessed by road. 

4. Conclusions are the last part of  this presentation. 

THE GREEK CONTEXT  

Greece is a southeastern European country. It is part and conclusion of  the Balkan Peninsula. It belongs to the 
northern hemisphere of  the earth, between the 34th and 41st parallel. 

The land of  Greece is 131,957 square kilometers. It consists of  a main mainland area of  106 778 square kilometers 
and hundreds of  small and large islands total area of  25 179 square kilometers. 

The main body of  the country is crossed by a long and wide mountain range named the Pindos Mountains. This 
mountain range with its ramifications across the maximum part of  the mainland functions as a "backbone". In fact, it does 
not consist of  one, but two or three parallel ridges that grow to a length of  about 150 kilometers, occupying a width of  
about 50 km. Because the maximum width of  the mainland does not exceed 230 km, the Pindos with its lateral extensions 
spreads and occupies most of  the mainland. From a geological point of  view the Peloponnese Mountains are also a 
continuation of  Pindos range. With its presence, its length and width Pindos divides the backbone of  Greece into two parts 
and affects: 
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1. The climate of  the country, determining rainfall. 
2. The water flow, forming the watershed between western and eastern Greece. 
3. The transport, because the accessible points between mountainous sectors are minimal. 

The mountains outset determined the route of  the main roads and the limited railway network of  the country. The 
eastern national road connected first the two major urban centers, Athens and Thessaloniki and then was developed as 
PATHE (Patra - Athens - Thessaloniki - Border Evzones station) creating the famous «S». This national road influenced the 
location of  many productive activities and set the development path of  many urban centers. In the early postwar decades 
the plane was the only effective means of  transport between cities west of  Pindos and those to the east (e.g. Thessaloniki). 
Large infrastructure projects of  recent decades (Egnatia highway, Rio-Antirrio Bridge, Ionia Odos) changed the landscape 
and gave residents an easy access to other places, at least with regard to road transport. 

The extent of  the Greek islands is approximately one quarter of  the mainland area and is divided into two sections: 
the islands of  the Ionian Sea in the west of  the country and the islands of  the Aegean Sea to the east. Approximately 177 
of  these are inhabited. Their sizes vary. There are large and densely populated islands, which are likely to have 
administrative autonomy, social and economic, such as Crete, Corfu, Samos, Mytilene, etc. and in which the spatial structure 
of  functions is not much different from any region in the hinterland. 

But most of  the Greek islands are limited and many are relatively sparsely populated. These islands are in varying 
degrees and in different ways dependent on mainland Greece, both socially and economically. In other words, they form a 
part of  extremely peripheral island regions, where the shape, size and position can not ensure autonomy. These areas are 
usually dependent on economic, cultural and political centers located at some distance and very often at some considerable 
distance, having - for centuries - a unique transport means: the ship. 

In a geographical unit such as Greece, with the geophysical features, described above, it is natural that the distances do 
not matter so much, as much are the real travel times, and accordingly the means of  transport used. In this case, therefore, 
it is important to be controlled and studied the time intervals rather than distances, from the beginning to the end of  each 
route in order to demonstrate the competitive advantage of  a destination or a means of  transport. 

Road transport 

Passenger transport by road is divided into urban and long distance. The responsibility for their regulation belongs to 
the Ministry of  Infrastructure, Transport and Networks.  

The inter-city road passenger services are organized according the original departmental division of  the country. The 
execution of  regular public transport service within the country, is carried out by public utility buses (MD) belonging to  
Buses Inc. (KTEL)  or individual motorists where there is no bus, especially unprofitable routes to the islands, according to 
N.2963 / 2001. 

Freight road transport usually uses the same roads to passenger. Their growth has been rapid in the last 30 years, 
following the increase of  population in major urban centers. Road freight benefited from growth and increasing demand, 
but has replaced several railway services. 

Roads allow extensive dispersion of  movements in space and relatively easy accessibility in areas with complex 
geomorphologic relief. They have lower fixed investment costs, in comparison with other types of  transport infrastructure. 
The road network of  the country is divided into national (motorways and roads of  the Trans European Networks) and 
regional road network. The total length of  the network is estimated at some 35,700 km. The national occupies the 9,200 
km. and the provincial about 26,500km. 

The eastern national road named PATHE (Patra - Athens - Thessaloniki - Border Evzones station) has a length of  
about 820km. Of  the remaining highways, main are: 

• Egnatia Odos, 660 km., West-east axis of  Northern Greece, with provision about cross-Pathe 
• The Ionia Odos - West Greece, 500 km., Non-integrated axis joining the Northwest part of  the country to the 
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southwest through the bridge Rio - Antirio 
• The two highways north and western Thessaly, with a length of  77km. and 161 km., respectively 
• The Corinth motorway - Megalopolis - Kalamata / Sparta 
• The two border accesses Krystallopigi and Promahon. 
Investment in roads during the recent decades mainly focuses on: 
• Upgrading / modernizing the network through the construction, maintenance and repair of  pavements and 
• Reducing transfer distances. Reducing the distances may be achieved through the technological progress and the 

construction of  shorter roads-bypasses, tunnels and bridges (Tsekeris 2010). 
The road infrastructure in Greece can still not be considered comprehensive. additional work is required to fully meet 

the needs of  service mainly in the regional areas of  the country. 

Rail Transport 

In Greece the first railway line opened in 1869 between Athens (Thision) – Piraeus and united the capital with the 
port. In 1882 a joint stock limited company under the name "Piraeus Athens Peloponnese Railways" (SPAP) was established 
and in 1884 the “Thessaly Railways” started operating. In 1890 the company under the name "Railways of  Northwestern 
Greece" was established by. The next century and after the extension of  the Greek boundaries a public corporation was 
founded in 1920, under the name “Greek State Railways” (SEK) in order to consolidate and restructure all hitherto regional 
railways. In 1970 the current "Hellenic Railways Organization" (OSE) was founded in order to organize, exploitate and 
develope the Greek railways. 

Today rail transport is organized and executed by the Group OSE, State Company Limited Utility, which comes under 
the Ministry of  Infrastructure, Transport and Networks. 

Group OSE comprises from: 
1. The Parent Company (OSE SA), with which the former subsidiary E.DI.S.Y. SA (Former Manager of  

Infrastructure) was incorporated in early 2011, according to the new legal framework,. The parent company has 
now the overall strategy for rail transport (railway infrastructure and activity) and is the owner and manager of  the 
infrastructure and rolling stock. 

2. ERGOSE SA, which manages the major part of  ongoing or future projects to modernize railway lines and 
facilities of  OSE, financed by European Union funds or funded purely from national funds. 

3. the GAIAOSE SA, which as a specific form of  business farm estate manages and utilizes non-rail real estate OSE 
SA 

The rail network was developed on the eastern side of  the country only and remained for decades without significant 
improvements. During the forty years 1960 - 1999 not only did’t grew, but showed a decrease of  11% (out of  2,583 km. to 
2,299 km. in use). However in the recent period 2000 - 2007, an expansion and modernization projects was undertaken in 
the context of  the modernization program of  the axis Patra - Athens - Thessaloniki - Idomeni / Promahon (PATHE / P). 
This axis constitutes the backbone of  the network. The completion of  the works, planned for 2013, includes infrastructure, 
superstructure, electrification and telecommanding. 

The length of  the network is estimated at a total of  2746 km of  which only 2,551 km. are in operation (2007 figures). 

SeaTransport 

The port system of  the country includes about 800 port facilities of  all types, sizes and degrees of  completeness. Of  
these 92 are serving coastal shipping vessels and are the only gateways, for communication and supply to many small 
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islands. In Greece the management and operation of  commercial ports belongs to the State, namely the Ministry of  
Development, Competitiveness and Shipping, responsibility that was exercised by the independent Ministry of  Merchant 
Marine (MMM) until 2009. 

For the 12 largest commercial ports in the country there have been established Port Authorities (Piraeus, Thessaloniki, 
Patras, Igoumenitsa, Heraklion, Volos, Kerkyra, Kavala, Alexandroupolis, Eleusis, Rafina and Lavrion). All other national 
commercial ports the functions are being performed by local Harbour Funds that operate them as public entities (always 
under the supervision of  the Ministry of  Mercantile Marine), while some of  them have come today to the Local 
Government (Municipalities - Communities). 

The most important issues identified by the operators in the sector, but also by local authorities are: 
• many ports require immediate interventions and corrective actions in order to become more operational, as it is very 

important for a ship to dock safely, to disembark passengers, to load and unload vehicles, but also to remain in it if  needed. 
• Several ports are not protected by jetties, especially when the physical morphology doesn’t give thisby itself. Also 

many basins do not have the appropriate range, or the appropriate depth to receive safely the ships. At the same time, the 
ship owners complain that the buffers that exist on the piers are car tires and in some ports do not exist at all. 

• The large ferry vessels and cruise ships, which are currently operating in most destinations demand interventions and 
major modernization projects 

Air Transport

In 1931 the Law 5017 about Civil Aviation was published. Some provisions of  this low still apply today. Meanwhile, 
the Greek State undertook the responsibility to construct airports in major cities and smaller facilities along the main routes. 
It also took over the telecommunications network and radio aids installation. After the Second World War in the year 1946, 
Civil Aviation restarted its routes. The license to carry out air passenger and freight services was given temporary to the 
airline company called Technical Airlines Holdings. Later on, in 1956, the exclusive and final licence was given to the 
"OLYMPIC AIRWAYS" private company of  Aristotle Onassis.   

After about twenty years, in 1975, the Olympic Airways and its subsidiaries, which had in the meantime been created, 
became the property of  the Greek government with the Law 96/1975. As most state airline, Olympic Airways retained the 
right to operate the international air transportations of  the country, until 1991 and until 1999 retained the exclusive right to 
operate domestic flights. Alongside the legal framework of  the Civil Aviation Authority was enriched with decrees, circulars 
and two more laws N. 714/70 and N.1340 / 83. 

With the exception of  the new Athens International Airport, the property of  the site and the design, construction, 
operation and management of  the Greek civil airports belongs to the Greek government. There is also an exception of  
three small municipal airports, owned by local government. The relevant organizational structure and responsibilities are 
defined by the Presidential Decree decrees 56/89, PD 439/89, PD 19/92, PD 35/93, PD 80/96 and Article 40 of  the 
Gazette 28 of  1999. 

The Greek civil airports are divided into four categories, depending on the passenger and freight reception capacity 
and commodities from foreign countries (outside the EU): 

1. International airports (15) 
2. Statutory points of  entry - exit (8) 
3. Occasionally provided points of  entry-exit (6) 
4. Domestic airports  
5. Airports that are closed (11) 
Typically all three categories (2, 3 & 4) are domestic airports, because they do not meet the requirements necessary to 

be qualified as international according to ICAO regulations. 
Regional airports and air transport in Greece have been developed quite rapidly due to the good weather conditions 
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and the vast island area. The first civil post-war airports started their operations in the sites of  the military airports and this 
is why a certain degree of  non-transparency in the decisions taken could be understood. The Hellenic Civil Aviation 
Authority started constructing pure civil airports after 1970, when tourism started growing very fast. 

The regional Greek airports could be grouped as follows:   
• Airports close to major cities, mostly capitals of  prefecture, operating inside the area of  a military airport. 

Normally these airports have an adequate corridor length and can afford expansions, because military airports used to 
occupy larger areas due to security reasons. Air force has recently stopped or reduced its activities in some of  them, leaving 
more space for civil aviation.   

• Airports close to major cities, as above, exclusively for civil aviation with a relatively adequate corridor length but 
usually surrounded by housing developments. The lack of  land use regulations and restrictions allows other developments 
in the area. Some of  these airports may stop their operation after the completion of  the motorways network.  

• Airports in large islands which were founded the first two decades of  the post-war period similar to the above 
category, but with no danger for closing, due to tourism and insularity.  

• Mainly military airports in small islands with an adequate corridor length, with very few civil aviation activities.  
• Airports in small islands with a limited corridor length and restricted land area for future expansion. These airports 

have been constructed to serve the small light propeller-driven aircrafts that the national air-carrier (“Olympic Airways”) 
used to run for these destinations. 

• Airports in small islands that were built by local authorities, firstly as municipal airports and later on were designed 
as state airports. Some of  these may not firmly comply to ICAO regulations and the majority of  them cannot be expanded.  

Their spatial distribution of  the mainland is rather symmetrical while in the islands the majority of  local airports are 
concentrated in the region of  south Aegean Archipelago. As a result of  piecemeal political decisions their sizes and facilities 
vary in an unorthodox way and their operations have never been supported by an integrated assessment treating them as a 
network. 

As far as their location in the wider region is concerned, the following remarks could be made:  
• They are not properly distributed and many waste regions still remain without easy access to air transport. 
• The choice of  areas in which a local airport was constructed - especially in the island region of  the Aegean - didn’t 

reflect any clear sense of  priorities. 
• They are not supported by synchronized land and sea transport and they do not fulfill their potential role. 
• The regional airports network was planned only according to the needs and the aircraft capacity of  the national air 

carrier so their dimensions don’t comply with current demands. 
• The vast island region of  Greece seems to have the majority of  relevant problems. 

TRANSPORT IMPACT ON ENVIRONMENT, CLIMATE CHANGE AND THE QUALITY OF LIFE 

Each transportation project constitutes a small or large scale intervention in the region from where it passes through. 
The adverse environmental effects of  the construction of  infrastructure and transport operation generally referred to: 

• Natural environment 
• Biotic (standard of) environment 
• Anthropogenic environment 
Specifically a transportation project causes impacts on the following components of  the natural environment: flora, 

fauna, surface and groundwater and landscape. 
Environmental impacts from the operation of  transport networks can be managed in three different philosophy and 
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efficiency measures: 
• Buffers, such as imposing emission limits for various contaminants, penalties, when not respected the limits, 

prohibitions, etc. For mainly political reasons the necessary minimums are usually low. 
• Tax - pricing, such as taxation of  gasoline and charging for the use of  different types of  infrastructure. 
• Establishment of  pollution rights, which can be marketed. 
The direct environmental impact of  the transport operation lies primarily in two areas: air pollution and nuisance from 

noise. Diesel and gasoline vehicles incurred significantly both areas. Road transport accounts for the lion's share, with an 
emission rate reaches 72%, followed by the sea (15%) and air (12%). 

Ships operate with oil and diffuse pollutants in the marine environment and but have less effect on human 
environment. However, in case of  an accident the impact of  the diffusion of  oil at sea are much larger. 

The aircraft uses as leverage kerosene and belongs to the first category of  vehicles ie, causing noise and emit exhaust 
gases, most of  them in the phase of  takeoff. The fuel required for a flight, seems somehow difficult to be replaced by some 
other motive force (e.g. befouls). 

The operation of  an airport or a port charge to the environment in a sufficiently large area beyond its natural limits, 
both by air or sea traffic of  vehicles and noise and air pollution it causes, and because of  terrestrial traffic burden is 
concentrated due transit. 

Commitments and Restrictions imposed for environmental reasons, tend to become more and stricter and should be 
taken seriously, especially in new infrastructure studies and their extensions. 

APPLIED POLICIES IN GREECE 

In Greece, the responsibilities for environmental protection are executed by the following bodies: 
• Ministry of  Environment and Climate Change, both the central and the regional offices 
• Ministry of  Infrastructure, Transport and Networks, primarily through the General Secretariat of  Public Works 
• Ministry of  Development, Competitiveness and Shipping 
• Ministry of  Citizen Protection (Headquarters Coast Guard) 
• Regions 
• Local Authorities. 
The observed fragmentation of  responsibilities does not allow the complete settlement for many of  the 

environmental problems and the implementation of  integrated actions. 
The implementation of  transport infrastructure projects shall be accompanied by a study on the environmental impact 

generated during construction and operation. In any case, based on the environmental conditions for the time required, the 
appropriate and necessary corrective action is mandatory. According to the General Secretariat of  Public Works these 
actions are specified, in detail: 

• Flora: The occupation of  new land by transport projects generates charges to flora. This impact, however, is 
mitigated by various measures taken such as landscaping designs, planted in slopes, cut & cover - green positive 
balances, extinguishing systems etc.

• Fauna: Impact on fauna is being created by the separation of  the living space of  various kinds. This occurs when 
roads or rails are crossing the area. But the fauna living conditions can be improved if  special measures are taken 
for this purpose. Moreover, in sections where new lines replace existing ones in protected areas, new alignments 
are applied to bypass these areas, or both constructed tunnels and large bridges in order to minimize disturbance to 
wildlife. 

• Water: There are impacts on water resources, but they can be dealt with the construction of  hydraulic structures - 
culverts, manhole covers, bridges etc. At the same time, measures are taken for soil stabilization, stopping of  
surface erosion, quarry rehabilitation by excavating products etc. 
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• Air quality: The balance of  the impact on air quality is rather positive. In urban centers, the situation is improved 
considerably by diverting traffic volumes in mass transportation means particularly on rails. At the same time, cities 
detours improve the situation in some population concentration poles. In the countryside there is little impact, but 
gaseous emissions are being measured in case they grow up. Improving traffic conditions has also a significant 
positive impact in cities. 

• Noise: Removal of  roads from their villages, help to reduce the effects of  noise. In the same direction moving and 
noise protection measures taken (noise barriers, etc.). At the same direction are the measures that help reduce the 
transit movements of  heavy vehicles from the central regions, with subsequent benefits. 

• Road safety: The effects on the level of  road safety are strongly positive. Reducing accidents is mainly achieved 
through improved technical characteristics and motorway standards which are formulated in separate carriageways 
for each direction inserting intermediate splitter island, application specific materials paving etc. New roads have 
more than double traffic capacity than the old parts they replace. In addition, the fixed rail achieves significant 
diversion of  traffic of  road vehicles in the large urban centers.  

Finally it is noted that before the approval of  the Operational Programme "Accessibility Improvement" of  NSRF 
(ESPA, in Greek) by the European Commission, the devices of  the CMD 107 017 / 5.9.2006: "Environmental impact 
assessment of  certain plans and programs” were implemented, in compliance with provisions of  Directive 2001/42 / EC 
on the assessment of  environmental impact. According to the above CMD, a Strategic Environmental Assessment (SEA) 
for this Program has been prepared and approved by the competent services of  the ministry - after consultation with the 
public. 

These actions mainly refer to road projects and harbors - airports, under the despicability of  the General Secretariat of  
Public Works, included in the Operational Programmed "Accessibility Improvement" of  the NSRF (ESPA). For major 
nationwide projects such as the new “Athens International Airport” and “Egnatia Odos” which are independent bodies, the 
obligations are determined by the relevant founding laws. These obligations include both the definition and implementation 
of  environmental measures, conditions and limitations, and environmental monitoring. 

Specific measures concerning each particular means of  transport are listed in details in the text of  SOER. 

ORGANIZING AN INTERGRADED TRANSPORT SYSTEM

Historical circumstances affected the structure of  the network. The lack of  national spatial planning and the 
inapplicability of  long-term goals enabled the prevailing of  different parameters in every historic sub period and the 
formation of  a rather unequal spatial distribution of  transport systems, especially in the island area of  Greece. It is assumed 
that the transport interconnection of  the Greek regions – especially the remote ones - is a more complicate problem than it 
appears to be and demands a different kind of  approach. 

Transport infrastructures are those that make mobility possible. But not only a suitable transport network is sufficient 
if  it is not supported by interconnection projects of  different transport systems, commercial distribution centers, telematics 
information and an intelligent management systems. Transfers should be designed to maximize the positive impact on the 
national economy and to minimize negative impacts on the environment. So they must be configured to simultaneously 
transferred to their destination bulk goods and higher number of  passengers with the most effective (combined) modes. 

Air and maritime routes could be scheduled in an intergraded way involving both air, maritime, rail and road transport 
means, in order to make them supplement each other and serve the entire region. The basic principles are: 

1. Select (or develop) specific airports, able to accept national and international flights. These airports must be 
located close to major ports and if  possible connected by rail with them. 
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2. Define one government body (authority or Ministry) responsible for the whole process. This authority will 
determine routes and interconnections. 

3. Enable and facilitate transport mode change with no additional cost. 
4. Create port facilities and introduce hydroplanes services, where possible   
A potential scenario could be similar to the “hub-and-spoke” system of  commercial aviation, with  large ferries and 

aircrafts carrying people and goods to selected interchange points or “transportation hubs”, from where they could be 
distributed to every other close-by island (mostly through a round trip to a group of  them). 

An intergraded transport system, like the one described above, is more flexible and is able to serve better both 
summer and winter demand: 

1. Wide body ferries will execute shorter routes, which they can increase or decrease according to the demand with 
less severe consequences for the region. 

2. Aircraft movements will be directed to specific airports with good and frequent connections to other islands. 
3. Passengers and products arriving to “hubs” will have a variety of  choices as far as their final destination is 

concerned. 
4. Investors or companies with smaller vessels or hydroplanes will find a good field to develop their activities.  
5. Local economies will be able to sustain year round services instead of  seasonal, tourist based ones. 
The advantages of  an intergraded transport system are obvious but the role of  the Government is of  great importance. 

CONCLUSIONS

Transportation in the extended island region of  Greece has always been problematic. In the old times the inhabitants 
owned boats or larger vessels and the majority of  them lived from the sea (fishermen, mariners, etc.). Nowadays tourism is 
the major activity and societies depend a lot on ferries, high-speed ships and aircrafts. The location of  ports and airports 
has thus become very important for the distribution of  goods and the well being of  the human installations. Almost all of  
the islands have a port but very few have an airport able to accept airplanes coming from the E.U. countries. In Greece each 
mean of  transport is being organized by a different authority and regulated by a different Ministry. It is obvious that these 
traditional transportation systems are no more sufficient and cannot cover the demands for the future development of  the 
whole region. Reduce of  pollution during transportation through involving multimode transport systems is very important 
and can save energy and sources in multiple ways. 

In its recent White Paper of  2011 EU states that for the promotion of  an attitude focused more on sustainability 
improved design mobility should be actively encouraged. We need to widely make information on all modes of  transport, 
both for the movement of  persons and the other for freight, as regards their potential combined use and their impact on 
the environment. The intelligent version intermodal tickets according to common standards across the EU and compliance 
with EU competition rules is vital. This concerns not only the carriage of  passengers and freight. 
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ABSTRACT 
In times of utmost economic uncertainty and environmental concern, the transport sector, being one of the largest primary energy consumers 

and pollutant emitters with the least renewable energy representation, is widely considered to play a significant role across the global economy.  
Rationalization of primary energy consumption is of major concern, affecting the environment, economy, politics, security and the way scarce 
resources are being used. In assessing the balanced and efficient use of primary energy, study of the energy and exergy flows within and through a 
system are acknowledged to be effective tools tracking quantity as much as quality of utilized resources. 

In this context, considering the excellent renewable energy potential, the physical limitations and seasonal population variability due to 
tourism portraying the majority of Mediterranean Sea islands, electrification of the transport sector will contribute to the energy supply security and 
sustainable development of local societies. 

The present work is concerned with the exergetic, environmental and social cost of decarbonizing the Greek transport sector. Using the 
comprised of oil fired thermal power stations, photovoltaics and wind turbines energy mix of Kos – Kalymnos complex as a case study, and by 
following the basic principles of exergoeconomics the Well-to-Wheels exergetic efficiency of fueling electric vehicles is premeditated. Introducing four 
key cost indicators, namely renewable exergy cost, nonrenewable exergy cost, total emissions cost and marginal external cost the correlation between 
the energy mix and the exergetic, environmental and social performance was made possible. The present energy mix and a number of renewable 
energy penetration scenarios were also evaluated. 

Among the electricity generation technologies investigated, wind turbines displayed paramount performance in all key indicators with the oil 
thermal power plant consuming the largest amount of invested exergy. The overall Well-to-Wheels exergetic efficiency is estimated to be in the order 
of 20%. Indicative results regarding the renewable and nonrenewable exergy cost, total emission cost and marginal external cost were found to be 
in the order of 0.4 kJ/kJ, 5 kJ/kJ, 1000 kgCO2eq/MWhe and 20 €/MWhe respectively. Additionally, each km driven by electric vehicles, 
fueled with the current energy mix, associates with invested exergy with high nonrenewable to renewable ratio, substantial amounts of emissions 
and a minor but not neglectable external cost. 

Findings may act in an informative manner towards decision/policy makers regarding the implications that different fueling pathways of 
electric vehicles have upon the environment, the economy and the depletion of primary energy resources.  

INTRODUCTION 

According to the Hellenic Electricity Distribution Network’s Operator, the electricity generation mix of the Kos – 
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Kalymnos interconnected network complex, as of Aug 2015, is primarily serviced by a 120MW oil fired thermal power 
plant (TPS) supported by approximately 15MW of wind and nearly 9MW of photovoltaic generators. With a mean capacity 
factor of 56%, 24% and 23% the respective percentage of electricity generation contribution of each technology harnessed 
was 92%, 5% and 3% (HEDNO, 2015) (see Figure 1). 

The ongoing and expectedly growing dependency of EU from imported fossil fuels and the, despite the significant 
efforts of the last thirty years continuing environmental degradation, accentuate the necessity for additional measures being 
taken for the deceleration of fossil fuel reserves’ depletion, safeguarding our environment from human induced activities 
while providing secure and undisturbed energy supply. 

The transport sector contributes in the overall global primary energy consumption with the least renewable energy 
sources (RES) representation while being among the heaviest polluting human induced activities. In the EU-28 
approximately 30% and 20% of the annual final energy consumption and GHG emissions respectively are attributed to the 
transport sector. In this context, so as to achieve energy supply security and sustainable development, radical changes are 
needed in the transport sector and especially in the road transport sector which contributes by more than 70% of the entire 
sector’s carbon dioxide emissions (EC, 2014a). 

 

Figure	1	Installed	power	and	electricity	generation	mix	of	the	Kos	–	Kalymnos	complex	(data	source:	(HEDNO,	2015))	
 
Since 2001, through various policies and legislative measures, the average carbon dioxide (CO2) emissions of newly 

introduced passenger cars in the EU declined by approximately 27% in 2014 to approximately 123g/km, while targets for 
further reducing the emissions to 95g/km till 2020/21 are set (EC, 2015, 2014b, 2011, 2009). Unfortunately, recent studies 
revealed that the gap between official and real world emissions increased to approximately 40% in 2014 (Tietge et al., 2015). 

Currently alternative powered vehicles are gaining much of attention from researchers, policy makers, manufacturers 
and the general public, demonstrated by the plethora of newly published studies and articles. Electric vehicles in particular 
are expected to significantly contribute in the decarbonization of the road transportation sector, given the fact that their 
refueling will be increasingly dependent on RES. 

The present study lays upon the basic principles of Well-to-Wheels (WtW) approach, which as a subclass of Life Cycle 
Assessment (LCA) evaluates the embodied direct and indirect resource consumption related to fuel production routes 
(referred also as pathways) and vehicle operation while neglecting vehicle production and disposal. WtW approach may act 
as a common framework for comparison of different vehicles and fuel pathways while providing decision/policy makers, 
automotive original equipment manufacturers and consumers information regarding the implications that an option or 
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decision have upon the environment, the economy and the depletion of primary energy resources. 

METHODOLOGY AND ASSUMPTIONS 

In order to incorporate the stress that the local electricity generation sector takes during the high tourist period in the 
present study, data were collected for the related period of August 2015 (HEDNO, 2015). 

The operational life of each technology was supposed to be 25 years for wind energy technologies, 25 years for 
photovoltaics and 35 years for TPS. Furthermore, the electricity mix together with the capacity factor of each technology 
was assumed to be stable for the time span of the study. Total electricity generated over the life cycle of each technology is 
calculated from Eq. (1): 

 8765i i i iE t PCF= ⋅ ⋅⋅    (1) 
Where: 
Ei is the generated electrical energy of the technology i [MWh] 
ti is the total operational life of the technology i [y] 
CFi is the capacity factor of the technology i [y] 
Pi is the current installed power of the technology i [MW] 
 
Following the methodology of Kim et al. (2014), White and Kulcinski (2000) and Wu et al.(2016) coupled with data 

from (Circular Ecology, 2016) the total embodied energy is incorporated via a factor reduced to installed capacity. The said 
factor expresses the amount of time needed for the respective power plant to function in order to produce the energy 
needed for its construction, operation and decomitioning (see Eq. (2)): 

 
emb
i i iE Pα= ⋅   (2) 

Where: 
Ei@emb is the embodied energy of the technology i [MWh] 
�i is the embodied energy factor of the technology i [h] 
 
The total embodied energy accounts for the amount of energy needed for:  

i. the material’s extraction, transportation and processing that were needed for the building, transportation and 
installation phase of one unit of power of the respective technology, 

ii. the construction, operation, maintenance and decomitioning of the power plant, 
iii. fuel mining, preparation and transportation, 
iv. waste disposal and transportation and 
v. land reclamation. 

 
The present study follows the basic principles of thermoeconomic methodology as laid out by Erlach et al. (1999), 

Frangopoulos (1987), Lazzaretto and Tsatsaronis (2006), Lozano and Valero (1993), Santos et al. (2009), Torres et al. (2008) 
and Tsatsaronis (1993) and more precisely as that was expanded to incorporate the emissions cost by Florez-Orrego et al. 
and Silva (2015, 2014) and Oliveira Jr. (2014). 

Four key cost indicators, namely renewable exergy cost, nonrenewable exergy cost, total emissions cost and marginal 
external cost are introduced in order to correlate the energy mix with its exergetic, environmental and social performance. 
Each of the aforementioned costs define the quantity of exergy, renewable or not, needed for the production of one unit of 
exergy fuel. The term fuel is deliberately misused, designating substances that store chemical exergy, while distinguishing 
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those from other sources of kinetic or potential exergy producing mechanical exergy. 

 

Figure	2	WtW	renewable	and	nonrenewable	paths	
 
As boundaries for the present study, the geographical borders of Greece are considered. The exergy well consists of 

nonrenewable and renewable exergy fuels and quantities produced within those boundaries. The order of exergetic 
depletion also relates to activities completed within those boundaries.  

One may find, inspecting Figure 2 the WtW paths considered in the present study.  
At the point of introduction of crude oil as a nonrenewable exergy fuel to the boundaries of the system, its exergetic 

cost equals to unity since exergy consumed for extraction and processing occurs outside the system’s boundaries and 
intrinsically are neglected. Crude oil is assumed to travel something about 500-600km from sea to Aspropyrgos Refinery 
assuming the use of a shuttle tanker Suezmax type, traveling at a speed of 13 knots while carrying a load capacity of 
150ktons. The shuttle tanker consumes bunker fuel and the exergetic cost of the process is calculated according to Florez-
Orrego et al. (2014). Production of TPS fuel oil takes place at a typical refinery and the exergetic cost of such a process is 
calculated according to Silva and Oliveira Jr. (2014). Finally the produced lighter fuel is transported through sea to the 
islands complex and its exergetic cost calculated again through Florez-Orrego et al. (2014). Electricity generation occurs in 
TPSs with a typical energetic efficiency of 38% and a total embodied energy calculated via Eq. (2). 

Wind and photovoltaic farms have no direct emissions and as such the fuel for them comes striped from exergetic 
cost. Although structures and machinery needed to transform wind and solar energy to electricity incorporate amounts of 
embodied energy calculated once more via Eq. (2). The lifetime of wind and PV generators is taken to be 25 years with a 
respective power efficiency of 45% and 16%.  

The total and nonrenewable exergy cost of exploiting a given exergetic fuel (F) over a number of consequent steps i, 
involving the consumption of j exergetic resources (C) may be calculated from Eq. (3).  

 
( )1i i i i

F F C
j j

c c c r+ = + ⋅∑
  (3) 

Where ir  is describing the exergy consumed per unit of processed exergy of a given fuel calculated from Eq. (4)  

 

i i
i C C

n n
F F

Er
E

ϕ
ϕ

⎛ ⎞ ⎛ ⎞
= ⋅⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠   (4) 

Where: 
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i
CE   is the energy of the consumed fuel i [MWh] 

n
FE  is the energy of the fuel reaching the power plant n [MWh] 

ϕ   is the ratio between the specific chemical exergy ( CHb ) and the lower heating value of the fuel (LHV) of the fuel 

processed i
Cϕ  or consumed n

Fϕ  [%] taken from the study of (Kotas, 1985) 

 
From the work of Florez-Orrego et al. (2014; 2012), Georgakellos (2012) and Wong et al. (2016) direct and indirect 

emission as long as marginal external associated with emissions cost factors for each electricity generation route were 
adopted. 

Since electrical energy is considered as pure exergy, the energetic and exergetic efficiencies are exact. Distribution of 
electrical energy as a fuel through the grid have an efficiency ranging from 92% to 96%, while by combining the stages of 
charging and discharging of the electric vehicles (EV) battery pack we end up with an efficiency of 72 – 90%. Finally, the 
energy discharged from the batteries is fed to a DC/AC converter and then to hub wheel motors which wind up to an 
average drivetrain efficiency of 88% (Waller et al., 2014). 

 
Table I Characteristics of fuel paths under consideration 
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Oil 38 41.99 1.066 87% 1.65 809.35 16.04 
Wind 44 - 1 - 8.2 - 0.16 
PV 16 - 1 - 41.2 - 2.02 

Distribution 94 - 1 - - - - 
Battery 81 - 1 - - - - 

Drivetrain 88 - 1 - - - - 
 
In order to reduce the four key cost indicators used in the present study, the average fuel consumption was taken to 

be 0.22kWh/km (Ensslen et al., 2016) and the annual kilometers travelled were assumed to be 13000km/a. 

RESULTS AND DISCUSION 

During their life time, oil fired TPS, wind turbines and PV generators will each have produced approximately 20TWh, 
0.8TWh and 0.5TWh while the embodied energy for the respectful technologies was estimated to be more than 4%, 3% 
and 11% (see Figure 3). 

In Figure 4 one may find, illustrated through a Sankey type diagram, the exergy flows within the boundaries of the 
system under investigation. As can be seen, approximately 7% of the exergetic reserve is consumed for transportation and 
processing of the fuel, nearly 60% during the electricity generation process and 11% is consumed for fueling and converting 
the fuel to wheel motion. Taking everything into account the WtW overall exergetic efficiency reduces to nearly 23%, while 
the largest consumer is as expected the electricity generation sector. 
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Figure 3 Percentage of embodied energy to electricity generation over the life span of each technology studied 
 

The total nonrenewable exergy cost of electricity generation was found to be 2.85 kJ/kJ with the renewable exergy 
cost of it to be just 0.3kJ/kJ representing less than 10% of the total exergy cost. The overall exergetic efficiency was found 
to be 32%. The nonrenewable exergy cost of Wind, PV and TPS was found to be 0.03kJ/kJ, 0.11kJ/kJ and 3.1kJ/kJ 
respectively. Furthermore, the renewable exergy cost of Wind, PV was found to be 2.22kJ/kJ, 6.25kJ/kJ respectively, while 
for the TPS that cost is not applicable (see Figure 5). The WtW total exergetic cost was found to be 4.7kJ/kJ and a ratio of 
renewable to nonrenewable exergy cost of 10%. 

 

 

Figure 4 Sankey diagram describing the exergy flows within the boundaries of the system investigated 
 
The wind generators are contributing the least in environmental saddling with approximately 8.2kgCO2eq emitted per 

unit of generated electrical energy, followed by PV generators with more than 40kgCO2eq/MWhe. By far, unsurprisingly, 
the major polluter of the studied EV fueling path was found to be the Oil fired TPS with more than 800kgCO2eq/MWhe. 
The overall emission cost of the system under consideration was found to be 1.1tnCO2eq/ MWhe. 
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Figure 5 Total emissions, renewable and nonrenewable exergy cost for each generation path 
 
The marginal external cost associated with CO2 emissions of the present electricity generation mix was found to be 

nearly 15€/MWhe, while the overall cost was found to be 22€/MWhe. Approximately 1€/MWhe, 4€/MWhe and 3€/MWhe 
are also attributed to distribution of electrical energy, charging and discharging of the EV’s batteries and losses in its 
drivetrain respectively. 

The four key cost indicators applied in the present study were reduced to km traveled. Findings were that each km 
driven, powered by the current local electricity generation mix is accompanied with the depletion of 0.94kWh and 0.1kWh 
of nonrenewable and renewable exergy and the emission of 250gCO2eq. Furthermore, the external cost associated with the 
respective emissions was estimated to be 0.5€/100km. 

 

Figure 6 Nonrenewable exergy cost per km driven (kWh/km) 
 

 

Figure 7 Renewable exergy cost per km driven (kWh/km) 
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Figure 8 Total emissions cost per km driven (gCO2/km) 
 

 

Figure 9 Marginal external cost per km driven (€/km) 
 

Finally, different RES implementation scenarios were developed in order to study the four key indicators reaction to 
the variability of the local electricity generation mix. It was shown that in any case an energy mix that prioritizes wind 
energy over PV facilities is more favorable (see Figure 6 - Figure 9). 

CONCLUSIONS  

The present study was concerned with the exergetic, environmental and social cost of decarbonizing the Greek 
transport sector. The Kos – Kalymnos islanding complex was selected as a case study. By following the basic principles of 
exergoeconomics and by introducing four key cost indicators, namely renewable exergy cost, nonrenewable exergy cost, 
total emissions cost and marginal external cost, the correlation between the energy mix and the WtW exergetic, 
environmental and social performance of a supposedly electrified transport sector future was studied extensively. The 
present energy mix and a number of renewable energy penetration scenarios were also evaluated. 

Among the electricity generation technologies investigated, wind turbines displayed paramount performance in all key 
indicators. The overall WtW exergetic efficiency was found to be 23%. The WtW total exergetic cost was found to be 
4.7kJ/kJ with a ratio of renewable to nonrenewable exergy cost of 10% imposed by the domination of oil fired TPS over 
RES. The overall emission cost of the system under consideration was found to be 1.1tnCO2eq/ MWhe, corresponding to 
an external cost of approximately 22€/MWhe. Each km driven with an EV powered by the local electricity generation mix is 
accompanied by the depletion of 0.94kWh and 0.1kWh of nonrenewable and renewable exergy and the emission of 
250gCO2eq which corresponds to an external cost of approximately 0.5€/100km. 

Electric vehicles are said to revolutionize the transport sector by minimizing the specific weight of vehicles and their 
fuel consumption, the environmental footprint and the depletion of fossil fuels imposed by the utilization of internal 
combustion engines while increasing passive and active safety for the users. Moreover, if fueled by indigenous energy 
sources, electric vehicles may provide a more secure future in terms of energy supply and sustainability. Though, the electric 
vehicles may be stripped of much of their beneficial factors if them are fueled by conventional sources. Clean vehicles are as 
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clean as their fuels are. As shown, electric vehicles powered by a mix dominated by fossil fueled thermal power plants may 
be as much an emitter as a conventional vehicle or even more. Electric vehicles may be the future leaders of a decarbonized 
transport sector provided that those are fueled by renewable energy sources. 
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ABSTRACT

In the present paper, the evolution across different time periods of coupling and decoupling relationship between transport-related energy
consumption and GDP for the EU-28 countries is analyzed. Focusing on the period before and after the economic crisis of the year 2008, it is
remarkable a differentiation of the relation between economic growth and transport-related energy consumption, as after the economic crisis the vast
majority of countries have passed the threshold of coupling and are subjected to a form of decoupling. The paper does not analyze whether the
economic crisis was the one that acted as a catalyst in the transition from coupling to decoupling between GDP and transport-related energy
consumption. We describe and depict a new promising for the environment reality. This new reality creates a significant opportunity for transport
activities and for travel habits to enter into a continuous process of rationalization and reduction of both energy consumption and other transport-
related harmful effects to the environment. It is a political and institutional challenge to maintain the observed decoupling, by strengthening and
encouraging the green mobility, the environmentally friendly and efficient mobility, which is one of the greatest tasks of the future.

ENERGY CONSUMPTION OF THE TRANSPORT SECTOR

Every human activity has a minor or major effect on the environment. Up to a certain level of industrial production,
the environment may absorb the effects of human activities through a natural procedure. However, beyond this level,
climate change may appear; this change is understood as a significant and lasting change in the statistical distribution of
weather patterns over periods from some decades to centuries or even millions of years. The origins of climate change can
be traced to human activities but also to factors exogenous to the human being, such as oceanic processes, solar radiation,
plate tectonics, and volcanic activity (Profillidis, 2016). Figure 1 illustrates the evolution of key factors of human activity
and the forecasting of their eventual evolution until 2100.

The rapid growth of the transport sector results in significant environmental impacts. The excessive consumption of
energy resources, the excessively high levels of pollutants and noise in the environment attenuate the importance of
transport growth in order to raise standards of living. The increase of passenger and freight mobility could not have been
achieved without environmental implications. However, these repercussions could have been minimized, if in the early
stages the necessity had been realized that the transport system should be developed in a rational manner. It must be
provided that the properly developed various transport infrastructure networks and transport systems would cooperate
efficiently in order to serve any emerging demand. They should be organized in an environmental-friendly way, securing
better environmental conditions, lower energy consumption and less congestion and traffic accidents (Tricker, 2007;
Vehmas et al., 2007; Li et al., 2011; Dritsaki and Dritsaki, 2014; Profillidis et al., 2014; Isa et al., 2015).

Transport is strongly dependent on energy and it cannot exist without energy feeding. Energy costs represent
15%÷35% of air passenger and 35%÷45% of air freight transport costs, 5%÷10% of rail passenger and 15%÷25% of rail
freight transport costs, 15%÷25% of road passenger and 20%÷30% of road freight transport costs, and 50%÷70% of ocean
shipping operating costs (Profillidis, 2016; Profillidis et al., 2014), depending on the price of a barrel of crude oil, which has
significant fluctuations over time (Figure 2).
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Figure 1 : Evolution of key factors of human activity between 1900 and 2100. Modified by the authors from (Smith, 1998).
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Figure 2 : Evolution of the cost of a crude oil barrel. Compiled by the authors, based on data of (BP, 2016).

Transport absorbs 27.6% of the energy consumption worldwide for the year 2013 (23.2% in 1973, 27.5% in 2000,
27.3% in 2008), a percentage almost equal to industry (29.0% in 2013), (Profillidis, 2016). The rest is consumed for
residential and service purposes and other non-energy related uses. For the 28 European Union countries (EU-28),
consumption of energy was, for the year 2014, as follows: transport 33.2%, households 24.8%, industry 25.9%, agriculture
2.3%, services and other activities 13.8% (EU, 2016). Within the transport sector, road and air transport are the most
consuming modes (Figure 3 and Figure 4).

CORRELATION OF TRANSPORT-RELATED ENERGY CONSUMPTION AND ECONOMIC ACTIVITY

For many years it has been considered that the evolution of transport activity as a whole was at approximately the
same rate as the evolution of the Gross Domestic Product (GDP). Air transport rates are greater than GDP rates (almost
triple), whereas rail transport rates are much slower (Profillidis, 2014). The almost continuously upward tendency of both
passenger and freight for five decades after 1950 stopped in Europe by the economic crisis of 2008÷2012, which affected
principally some European Union (EU) countries, (Figure 5).
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Figure 3 : World transport energy consumption by mode (2012). Compiled by the authors, based on data of (EIA, 2016).
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During the years of economic prosperity, for a number of economists and engineers predicting future transport
demand and thus transport-related energy consumption was a rather easy task: according to their beliefs, growth rates of
transport activity and energy consumption should follow a pattern similar to growth rates of GDP. This approach has
useful results on an aggregate level, since it ensures an acceptable correlation between economic development and
transport-related energy consumption. Indeed, Figure 6 depicts the correlation between per capita GDP and per capita
energy consumption for transport (passenger + freight) activities in various developing and developed countries worldwide,
which represent 58.2% of world population and 80.5% of world GDP. We can remark the sufficient coefficient of
determination (R2=0.86) of the power regression line (although USA and Canada seem to follow a slightly different, more
energy intensive, pattern), which on the one hand proves the close relation between GDP and transport-related energy
consumption, on the other hand indicates that this close relation has an asymptotic form.

At disaggregate country level, however, this close relationship between transport-related energy consumption and
economic activity seems not to be the mainstream trend, at least after the economic crisis of 2008. Figure 7 illustrates for
the last 25 years the evolution of GDP, passenger and freight transport activity and transport-related energy consumption
for some EU countries. Growth rates of both transport activity and energy consumption were until 2007 more or less
almost the same with growth rates of GDP. However, in 2008, as the economic crisis started, the consumption of
transport-related energy consumption fell by 1.30%, this fall was intensified in 2009 (-3.22%), continued at a more slow rate
in 2010 (-0.37%) and 2011 (-0.47%), and decreased more strongly again in 2012 (-3.05%) and 2013 (-1.01%), before an
increase was registered in 2014 (+1.35%). Overall, between the peak of the year 2007 and the year 2014, transport-related
energy consumption in the EU-28 fell by 7.87%.

COUPLING – DECOUPLING BETWEEN GDP AND TRANSPORT-RELATED ENERGY CONSUMPTION

Previous analysis, and especially Figures 5 and 6, risks misleading to the conclusion that economic activity and energy
consumption of the transport sector are always analogically correlated. This is the case when we have expansive (or recessive)
coupling between the two phenomena studied. However, there may be decoupling, which is non-analogical correlation
between the two phenomena studied. Decoupling can be either absolute or relative. Absolute decoupling occurs when the
transport-related energy consumption is stable or decreasing, while the economic index increases. In relative decoupling,
however, both economic and transport-related energy consumption indexes increase, but the energy consumption related
index grows more slowly than the economic index (Banister and Stead, 2002; Tapio, 2005; McKinnon, 2007).
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Compiled by the authors, based on data of (OECD, 2016; The World Bank, 2016).
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Figure 7 : Evolution of GDP (US$), transport activity (passenger-km and freight tonne-km) and transport-related energy
consumption (tonnes of oil equivalent) for some EU countries. Compiled by the authors, based on data of (OECD, 2016;
The World Bank, 2016).
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There are eight possibilities for the development of the indices in the decoupling framework (Figure 8). The rates of
change of the transport-related energy consumption and GDP can be coupled, decoupled or negatively decoupled. The
result of this calculation is an elasticity value transport energy, GDP of transport-related energy consumption in relation to GDP
(Liimatainen and Pöllänen, 2013, Alises et al., 2014; Alises and Vassallo, 2015):

-
transport energy,GDP

% transport related energy consumption=
% GDP

(1)

An elasticity value of 1.0 means that both transportation-related index and GDP grow at a similar rate. To avoid the
interpretation of small changes as signs of decoupling, a ±20% variation of the elasticity values around 1.0 is regarded as
coupling, which leads to coupling being defined for elasticity values between 0.8 and 1.2. The rates of change of the indices
can be either positive, expressed as expansive coupling, or negative, expressed as recessive coupling.

Decoupling can be divided into three subcategories: weak, strong and recessive. In weak decoupling, both GDP and
transport-related energy consumption increase, however, GDP grows faster ( transport energy, GDP between 0 and 0.8). In strong
decoupling, GDP increases and transport-related energy consumption decreases, thus the elasticity transport energy, GDP is < 0. In
recessive decoupling, both GDP and transport-related energy consumption decrease, but the latest decreases more rapidly than
the GDP ( transport energy, GDP  1.2). Negative decoupling can also be divided into three subcategories. In expansive negative
decoupling, GDP and transport-related energy consumption both increase and the latest increases faster than the GDP
( transport energy, GDP  1.2). In strong negative decoupling, GDP decreases and transport-related energy consumption increases
( transport energy, GDP < 0). In recessive negative decoupling, GDP and energy consumption of the transport sector both decrease,
but GDP decreases faster ( transport energy, GDP between 0 and 0.8), (Tapio, 2005; Liimatainen and Pöllänen, 2013).

Decoupling of GDP from transport-related energy consumption is considered as an efficient way to maintain
economic growth while assuring efficiency of transport, from an economic and environmental point of view, since:

GDP

transport–related energy consumption (TE)

Strong decoupling
GDP>0, TE<0
% TE / % GDP<0

Strong negative
decoupling

GDP<0, TE>0
% TE / % GDP<0

Expansive coupling
GDP>0, TE>0

0.8 % TE / % GDP 1.2

Weak decoupling
GDP>0, TE>0
% TE / % GDP < 0.8

Recessive coupling
GDP<0, TE<0

0.8 % TE / % GDP 1.2

Recessive negative decoupling
GDP<0, TE<0
% TE / % GDP < 0.8

Recessive
decoupling

GDP<0, TE<0
% TE / % GDP >1.2

Expansive nega-
tive decoupling

GDP>0, TE>0
% TE / % GDP >1.2

Figure  8  :  Degrees  of  coupling  and  decoupling  between  transport  activity  and  GDP.  Modified  by  authors  from  (Tapio,  2005;
Liimatainen and Pöllänen, 2013).

88



EinT2016 - 1rd International Conference “ENERGY in TRANSPORTATION 2016”

if transport-related energy consumption has lower rates of growth compared to GDP, this will lead to less
emissions and environmental effects, thus contributing to environmental sustainability,
if the link between economic development and transport-related energy consumption is not broken, then any
increase of GDP will result in increased requirements of energy consumption, and thus, dependence of economic
development from both transport activity and energy consumption will remain equable, which is neither
economically nor environmentally efficient (Tight et al., 2004; Banister 2005; Kveiborg and Fosgerau, 2007;
Botzoris et al., 2015).

Figure 9 (next page) illustrates the coupling-decoupling relationship between the GDP and the transportation-related
energy consumption for some European Union countries. The analysis is divided into three distinct time-periods: from
1990 to 2000, from 2000 to 2010 (period before and during economic crisis) and from 2010 to 2014, namely the period
after the economic crisis. Focusing on the coupling-decoupling relationship before and after the economic crisis, we can
remark that for the period 1990 2000 there is no strong decoupling relationship between GDP and transport-related energy
consumption. On the contrary, during the period after the economic crisis (2010 2014), a number of countries (Belgium,
Denmark, France, Hungary, Netherlands, Poland, Sweden, United Kingdom, EU-28 in total) are characterized with strong
decoupling relationship between economic activity and transport sector energy consumption, whereas the same period
(2010 2014) other countries (Croatia, Finland, Portugal and Spain) appear recessive (negative in Croatia) decoupling with
both GDP and transport-related energy consumption to have negative growth rates. It is remarkable and worth mentioning
that after the economic crisis (period 2010 2014) there is no country with clearly expansive coupling relationship between
GDP and transport sector energy consumption and the only one country with some form of coupling is Bulgaria (expansive
negative decoupling where both growth rates of GDP and transport-related energy consumption are positive).

A factor that contributed to the decreasing transport-related energy consumption was the decreasing fuel
consumption per vehicle (Figure 10). However, the explanation for the decoupling trend, during last years, between
economic development and energy consumption is the gradual reduction of the dependence of economic development
from the passenger and freight transport activity, mainly because of (Profillidis, 2016):
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Figure 10 : Evolution of the average fuel consumption (in liter/100 km) of trucks and of new and in circulation car fleet in Germany.
Compiled by the authors, based on data of (Schlomann et al., 2015).
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Figure 9 : Coupling and decoupling of transport-related energy consumption for some EU countries for the period 1990 2014.
Compiled by the authors, based on data of (OECD, 2016; The World Bank, 2016).
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Figure 9 cont. : Coupling and decoupling of transport-related energy consumption for some EU countries for the period 1990 2014.
Source: Compiled by the authors, based on data of (OECD, 2016; The World Bank, 2016).

Expansion of internet, teleworking, mobile apps and other evolutions on telecommunications.
Extensive use of GPS, car sharing and carpooling.
Changes in the sectoral composition of the economy – dematerialization of the economy.
Scale economies and concentration.
Further trade liberalization, deregulation of the transport market and strengthening of competition.
Environmental taxation.

CONCLUSIONS

Decoupling between GDP and transport-related energy consumption is the only way to reduce CO2 emissions while
assuring increasing growth rates of economic activity. In the present paper it was examined the coupling-decoupling
situation for European countries from 1990 to 2014. Focusing principally on the period before (1990 2000) and after the
economic crisis (2010 2014), it is remarkable a significant differentiation of the interaction between economic growth and
transport-related energy consumption, as after the economic crisis the vast majority of EU-28 countries (with the exception
of Bulgaria) have passed the threshold of coupling and are subjected to a form of decoupling (weak, strong or recessive).

The paper does not analyze whether the economic crisis was the driving force for the transition from coupling to
decoupling between GDP and transport-related energy consumption. It describes the new, desirable for the environment,
reality, which creates the significant opportunity for passenger and freight transport activities to enter into a continuous
process of rationalization and reduction of energy consumption. It is mainly a political challenge to preserve and defend the
observed decoupling situation by motivating the environmentally friendly and efficient mobility.
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ABSTRACT 
Hydrogen is one of the most abundant molecules in the universe and comprises the lightest and simplest element of the periodic table. During the 
last decades it has been widely used in the industrial sector including, among others, oil refineries and metallurgical processes via chemical 
procedures. On the other hand, due to its properties, it presents a highly sustainable behavior and thus it can be used in several non-fossil fuel 
applications as an energy medium. The EU2020 strategy plan for low carbon economy promotes the use of hydrogen-based systems, either for 
stationary (e.g. energy storage) or for transport services (e.g. fuel cell vehicles). This paper investigates the performance of a H2 based system by 
utilizing an advanced experimental unit at the Soft Energy and Environmental Protection Laboratory (SEALAB) of the Piraeus University of 
Applied Sciences. The experimental setup is appropriate, among others, for evaluating the operation of a fuel cell hybrid system used in 
contemporary pilot fuel cell electric scooters (FCES). Similar to these city-oriented FCES, the hydrogen system comprises a storage module of 
metal hydride canisters, a Proton Exchange Membrane (PEM) fuel cell, a power management module (DC/DC converter), a battery bank 
module, a DC load simulator and a computer control unit. Through the control unit’s software, the DC load module can be programmed to 
simulate a DC motor that is used by small city FCES at different operating conditions. These programmable load profiles are based on the 
simulated power demand of a 1.5 kW city FCES through the discrete Markov process by using the Worldwide Harmonized Light Vehicles Test 
Procedures (WLTP) Class 1, found in the peer-reviewed literature. The obtained results indicate the operational parameters of the hybrid system 
concerning the efficiency, the hydrogen production and the overall fuel cell behavior under different loads met in the transportation sector.  

1. INTRODUCTION  

During the last decade the electric vehicle industry has been developed rapindly due to the associated environmental 
impacts arising from the use of conventional fossil fuel-based internal combustion engines (ICE). This turn to “green” 
mobility presents several positive effects for the environment including air quality improvement, noise reduction, and fuel 
independency when the charging energy comes from renewable sources (RES). Specifically, in the European Union, the 
transportation sector comprise more than 31% of the EU-28 final energy consumption, and is responsible for the annual 
emissions of at least 1100 Mtn CO2 equivalent (i.e. 30% of the CO2 EU total emissions) (see Figure 1). This suggests that 
by improving efficiency in the transportation sector, environmental impacts would be limited and depletion of fossil fuels 
would be decelerated (EC, 2015; Kaldellis et al., 2015). 

However, most electric vehicles nowadays have drawbacks concerning their establishment as a reliable transportation 
medium. These include limited driving range, long recharging time, deep discharging problems of the battery bank, and high 
cost (Serrao et al., 2009; von Helmolt and Eberle, 2007). 
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Figure 1 Share of transportation sector in final energy consumption. Based on data from (EC, 2015) 

One of the most promising technologies in the transportation sector is the use of hydrogen fuel cells. Hydrogen 
presents several intrinsic characteristics that makes it attractive as an energy carrier for transport applications. It can be 
produced in large quantities from a range of primary sources, though the most interesting is the production from RES. A 
clear advantage compared to batteries is that hydrogen can be refueled just as gasoline in a few minutes (Martin et al., 2009). 
It should be also noticed that H2 has high energy density by weight which equals to around 33.5kWh/kg or 120MJ/kg 
(Figure 2) (DOE, 2016a). 

	
 

	
	
	
	
	
	
	
	
	

Figure 2 Energy density by weight of various fuels. Based on data from (DOE, 2016a) 
 

Typical H2 based systems consist of three main parts that include the production, the storage, and the utilization 
configuration. Hydrogen production from RES is mainly derived from water electrolysis, where water splits to H2 and O2 
by applying DC voltage. The produced hydrogen can be subsequently stored in a gas, liquid, or solid form by using 
different methods. 

The available methods for storing H2 include gaseous storage in compressed tanks, liquid storage in special tanks at 
cryogenic temperatures, and solid storage in metal hydride tanks containing a metal alloy where hydrogen can be reversibly 
absorbed (IEA, 2006). The stored hydrogen can be used for producing electricity via fuel cells, a reversal electrolysis 
process, where the stored chemical energy of hydrogen transforms to electricity and heat. Nowadays, Proton Exchange 
Membrane (PEM) fuel cells are broadly used in various applications because of their significant advantages over other 
types. These positive factors include compact design with low weight, safe operation at low temperatures due to lack of 
dangerous electrolyte solutions (e.g. KOH), fast startup, and high power density (DOE, 2016b). These properties of PEM 
fuel cells make them suitable for transport applications and particularly for cars, buses, and motorcycles. 
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2. METHODOLOGY 

This study concerns an experimental investigation of a hybrid hydrogen-battery system used in contemporary fuel cell 
electric vehicles through the assessment of its operational behavior under real load profiles. The system used during this 
research is located at the facilities of the Soft Energy Applications & Environmental Protection Laboratory of Piraeus 
University of Applied Sciences. This system comprises a hydrogen generator, and a hybrid apparatus of H2 storage, fuel cell, 
and battery bank. 

The electrolysis device is a PEM hydrogen generator (see Figure 3), which has the capability of producing around 
60 l/h of hydrogen at standard conditions by using distilled water of conductivity below 2 �S. Its rated power equals to 
530 VA, and the purity of the produced hydrogen reaches 99.9999%. 

 

	
	
	
	
	
	
	
	
	
	

 
Figure 3 PEM hydrogen generator  

	

The hybrid system located in the “SEALAB” facilities (see Figure 4) features: 

	
• A hydrogen storage including 3 metal hydride canisters of maximum capacity 760 l/canister at standard conditions 

(Figure 4). 
• A 1200 W PEM fuel cell of 36 cells. Hydrogen input pressure operational range is between 1 bar and 15 bar. 
• DC/DC converter for supplying DC loads and charging the battery bank. 
• DC/AC inverter of 1500 W output. 
• Two Lead Acid battery banks with capacities 18 Ah (High Capacity), and 7 Ah (Low Capacity) at 24 V. 
• An electronic DC load module, where DC load profiles are simulated (up to 1.5 kW). 
• A system control module including a computer that controls the system, and provides measurements concerning 

voltage, current, inlet H2 pressure, and operational temperature of system’s components. 
• Different operating modes: fuel cell system (Manual Mode), hybrid system (Hybrid Mode), autonomous and 

uninterruptible power supply can be selected via the control software. 
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Figure 4 Hydrogen Hybrid Training System and Hydrogen storage module 

The specifications of the SEALAB’s hydrogen-based hybrid unit, are appropriate for experimental investigation of the 
operation of a FCES of rated power 1.5 kW where the DC motor can be simulated via the electronic DC load module of 
the hybrid system. The operational modes of the hybrid system of a FCES are presented below: 

• Battery is fully charged (i.e. State Of Charge SOC ≈ 100%, Ubat ≈ 28.2 V). The DC motor and auxiliary components 
of the FCES are supplied by the battery bank (Figure 5a). 

• Battery voltage is below the minimum threshold (i.e. Ubat < 23 V) and FC is capable of covering the loads. Fuel cell 
charges the battery bank and supplies the DC motor and auxiliary equipment. In case of higher loads, above those the 
FC can supply, the FC operates at its maximum operational power in order to avoid failure and the excess load cannot 
be covered (Figure 5b). 

• Battery is above minimum threshold (in charging mode) and demand is higher than the power that FC can supply. FC 
stops its operation and DC motor is supplied from batteries if applicable (Figure 5a). 

 

	
	
	 	
	
	
																																					
	
	
	
	
	
	
	

Figure 5 Operational modes of the hybrid system of a FCES 
	
The programmed load profile of the hybrid system was based on the data provided by Lee and Lin, (2015) where the 

Worldwide Harmonized Light Vehicles Test Procedures (WLTP) have been used in order to assess the power demand 
profile of a FCES. Concerning a vehicle with power-weight ratio below 22 kW/ton, class 1 driving cycle at low speed part is 

(a)	

(b)	
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appropriate where power demand does not exceed 1.5 kW (see Figure 6) (Lee and Lin, 2015). 

	

 

                                                                   Low Speed                Medium Speed 
 
                                                                         Time (sec) 
	

Figure 6 WLTP class 1 and power demand of a 1.5 kW FCES (Lee and Lin, 2015) 
	
According to United Nations Economic Commission for Europe (UNECE), the low speed section of the WLTP class 

1 profile runs for 589 sec with max speed below 49.5 km/h (ideal for a city oriented FCES) (UNECE, 2012). 
Acknowledging the above, the estimated power demand profile from Lee and Lin, (2015), was used for the investigation of 
the fuel cell hybrid system. It is obvious form Figure 6 that there are some negative values at the power demand curve 
suggesting the use of regenerative braking. In the case of the experimental investigation these values have been taken equal 
to zero, due to inability of the hybrid system to simulate this parameter. Additionally, by taking into account firstly the 
maximum output of the system’s FC which is 1.2 kW, and secondly the auxiliary loads, the hybrid system’s net maximum 
output to the DC loads (see Fig. 5b) reaches around 0.85 kW (in battery charging mode). In the case of batteries’ 
discharging, output of the system may reach 1.5 kW. However, for experimental purposes, and avoidance of batteries’ 
failure, the maximum loads are taken to be 0.80 kW and the velocity has been adjusted accordingly based on the pattern 
followed in WLTP class 1 (see Figure 7).  

	
	
	
	
	
	
	
	
	
	
	
	

Figure 7 Velocity and power load profile used for the hydrogen hybrid system 
 

The experimental setup of the hybrid system includes the use of the aforementioned power demand profile and the 
high capacity battery bank. The auxiliary subsystem is initially supplied by the battery bank which has been fully charged 
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prior the initiation of the experiment. Additionally, due to space limitations in the FCES, only one charged metal hydride 
canister weighting around 7 kg was used as storage capacity in order to evaluate the maximum range that could be covered.  

3. RESULTS AND DISCUSSION 

Initially, the metal hydride canister has been charged via the PEM electrolyzer. The production-storage procedure 
lasted approximately 17 hours, the quantity of the stored hydrogen was around 700 liters at standard conditions 
approximately, and the electricity consumption reached 9 kWh (power factor taken as 1).  

Subsequently, the metal hydride tank was installed inside the hybrid training system and the load profile (Figure 7) has 
been programmed to be repeated until hydrogen depletion. Figure 8 illustrates the hybrid operation of the fuel cell system 
until the depletion of the stored hydrogen, which lasted 7 cycles and 3min of the previously mentioned load profile (i.e. 
4305 sec). Initially the system is supplied through the batteries (i.e. IDC/DC = 0 A) whith a current higher than the load 
current due to the auxiliary components’ demand during operation. At 1380 sec, the battery voltage dropped below 23V 
and thus fuel cell started supplying the loads (both main and auxiliary) while simultaneously charging the batteries (e.g. 
IBAT= - 5.4 A) until their SOC and voltage reached 100% and 28.2 V respectively. However, battery charging stopped prior 
maximum voltage, reaching 26.6 V, at 2762 sec (at the 5th cycle) due to low pressure of hydrogen input to the FC (i.e. 
0.9 bar). This is happeninig because the release of hydrogen from the metal hydride canister lowers the canister’s 
temperature from around 30oC at the beginning of the experiment to 21.8oC, resulting to a pressure decrease. 

 
 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure 8 Operation of the FC system during the simulation of a city oriented FCES 
	

Due to the fact that the battery bank voltage was above 23 V, supply to the loads continued from the batteries until 
the 3475 sec where their voltage droped to 22.7 V. During this period, the metal hydride canister’s temperature reached 
24oC and the input pressure to the fuel cell increased to 1.8 bar. Hence, the fuel cell was able to supply the loads and charge 
the batteries. The same pattern was repeated until the 4312 sec where the battery bank voltage droped below 23 V, and the 
hydrogen quantity left inside the metal hydride canister could not be supplied to the fuel cell due to low pressure. 

Based on the speed profile depicted in Figure 7 and the total time period of the experiment, the FCES’s maximum 
driving range may reach 20 km at city driving conditions. Hence, by comparing the electricity used to produce hydrogen 
and the range of the vehicle, its Well-to-Wheel (WtW) consumption equals to around 0.45 kWh/km.  

Hydrogen consumption during the investigated period can be seen in Figure 9, where it is obvious that the pattern 
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followed was similar to the load variation, at the period when the FC stack was in operation (i.e. during battery charging 
mode). The peaks of hydrogen consumption occured due to the hydrogen release valve which is enabled for pressure 
regulation resulting to hydrogen release to the environment. On the other hand, once the FC started its operation, hydrogen 
was consumed with a rate of approximately 0.05 l/sec even in the case of no loads due to the continuous charging of the 
battery bank and the supply of the system’s auxiliary components. Total consumption during the 4312 sec of the 
experiment reached around 192 normal liters (Nl). By comparing the initial hydrogen volume that has been stored inside the 
metal hydride canister and the total consumption of hydrogen during the experiment, one can figure out that there is a 
difference of around 500 NI. This means that although the canister contains more hydrogen, this quantity is not available 
due to the decrease of the canister’s temperature during desorption (i.e. endothermic reaction) resulting to a drop of 
pressure inside the tank at values below the FC stacks operational pressure (i.e. 1bar).  

 

	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure 9 Hydrogen consumption during the experimental investigation of the system 
	
In order to fully comprehent the operation of this system it is worthy to provide a “Sankey” diagram which illustrates 

the four stages occurred during the experimental investigation. Hence, Figure 10 indicates the operation of the system 
supplied only by batteries with and without load (vehicle either stopped or under no acceleration), along with the mode of 
charging batteries via the FC module with and without load respectively.  

According to the figure, in the case of no load (Figure 10a), the batteries supply the auxiliary components of the 
system with 67 W, and the power loss at the DC/DC converter equals to around 1 W. By applying load (Figure 10b), the 
batteries cover both the load and the auxiliary components, while the losses remain almost constant. On the other hand, 
during FC operation (due to battery charging mode) under no loads, the produced electricity via the FC is used to supply its 
own operation, the auxiliary components, and the batteries charging. Additionally, it is obvious that part of the input energy 
to the FC is transformed into heat. Thus, the losses of the system include heat rejected from the FC stack, faradaic losses, 
and DC/DC converter losses. Based on the above, at least 72% of the produced electricity is either used for supplying the 
system or is wasted to losses (see Figure 10c). During this operational mode, the application of loads suggests an increase 
of the FC output in order to cover the demand (see Figure 10d). In this case, although the FC stack and the auxiliary 
components present an almost similar behavior as before, all the aforementioned losses are increased accordingly. 
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Figure 10 “Sankey” diagram of the operational modes of the hydrogen hybrid system 

	
The efficiency of the system during operation is changing at different loads and it actually depends on the operational 

mode. Based on the results depicted in Figure 11, the operation of the system during the battery discharging mode presents 
higher values at larger loads reaching in some cases 95%. This is happening because the auxiliary components’ consumption 
remains the same regardless the load, resulting to lower fraction of the energy drawn from the battery bank at higher loads. 
However, it should be noted that this is applicable only in the case where batteries cover the load demand. In the case of 
battery charging (FC operation), the system’s efficiency reaches 35%. During this mode two phenomena can be issued. 
Firstly, similar to the case where batteries supply the load, efficiency grows to a maximum point with load increase and 
secondly after reaching this maximum point it gradually begins to fall (above load of 650 W approximately). Nevertheless, 
this decrease is not clearly obvious at operation below 800 W. This reduction of the efficiency occurs because at higher 
loads the output voltage of the FC module drops in a higher rate than the increase ratio of the output current resulting in 
lower power output. This phenomenon is owed to the higher ohmic losses and penetration resistances of the electron 
conduction at the anode of the fuel cell observed during the operation under high loads (Basualdo et al., 2010).  

(a) (b) 

(c) (d) 

100



	
EinT2016 - 1rd International Conference “ENERGY in TRANSPORTATION 2016”	

	

The total energy provided to the system via hydrogen equals to around 556 Wh (based on LHV), while the energy 
drawn from the batteries was 190 Wh. The energy consumed at the load reached 283 Wh, which suggests that the average 
total efficiency of the system was 38%. 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure 11 System’s efficiency at different DC loads 

4. CONCLUSIONS 

This paper presented the experimental investigation of a hybrid fuel cell system that is used to power a hydrogen 
based electric vehicles. Due to the specifications of the apparatus, the research was focused on the operation under a profile 
of a city oriented fuel cell electric scooter. According to the findings, the operation of such a vehicle presents an average 
efficiency above 37.5%, which is much higher than a modern petrol engine (i.e. 25%-30%). Furthermore, its only emissions 
comprise of water vapor compared to the harmful emissions of a conventional vehicle, promoting an eco-friendly way of 
transport. However, the process of hydrogen production and storage is of great importance, as it affects the overall 
behavior of such a system used in the transportation sector. The findings suggest that a FCES of nominal output power of 
800 W presents a distance range of around 20 km (with an average speed of 16 km/h) and consumes 192 Nl of hydrogen. 
Concerning the storage of hydrogen in metal hydride tanks, it would be more beneficial to use either a canister with higher 
capacity or an arrangement where the storage module could be heated by the thermal energy released from the fuel cell 
operation in order to exploit higher quantities of the stored hydrogen resulting to an increase of the driving range.  
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ABSTRACT 

 As of late, electric vehicles are promoted around the globe as the clean and environmental friendly alternative mean of transportation to the 
currently heavy polluting market dominant technology of internal combustion engines. Though, fueling electric vehicles with electricity generated from 
burning of scarce and depletable resources, strips those of their sustainable and pollution preventive advantages. The local electricity generation 
sector is considered to be the largest CO2 emitter while the transportation sector is advancing with fast pace.  
 The present work is based upon data resulting from the operation of the multifunctional autonomous and grid connected, solar EV charging 
station located at the Soft Energy Applications and Environmental Protection Laboratory of Piraeus University of Applied Sciences. The said 
installment, constitutes a realistic materialization of a project incorporating renewable energy sources, electric vehicles, smart grids and measuring 
instrumentation. Renewable sources dominated fueling of electric vehicles through similar installations widely recognized as the leading option for 
decarbonizing the transport sector while covering the future needs of this steadily and fast expanding sector. 
 The results presented in this work, relate to different patterns adopted during the charging and discharging of a modern battery electric 
vehicle. The vehicle discharged under real-world driving conditions was later charged with different charging speeds and climatic conditions, under 
partial and full load. Outcome was that the total energy consumed per kilometer driven was larger from what it was expected to be. The 
significance of the findings is particularly useful giving the opportunity to estimate the actual energy consumed, the total efficiency of charging an 
electric vehicle and the potential to improve the life of the battery pack of the vehicle, while future implications may rise from the implementation of 
Vehicle-to-Grid and forthcoming, hourly, price variable electricity tariffs and prices. Additionally, based upon real-world data acquisition the 
benefits of reducing air pollution in urban and suburban environments in comparison with conventional vehicles is quantified.  

INTRODUCTION 

Air pollution, alongside with its environmental and health implications has risen global public and scientific concern. 
Over the last decades, despite the considerable efforts being made for the reduction of greenhouse gasses (GHG), 
European capitals experience low air quality attributed mainly to high traffic volume. Road traffic is considered one of the 
major air pollution sources (Figure 1) and contributes significantly to the exceedances of air quality limitations which are set 
especially at urban areas within the framework of EU Regulation for GHG emissions. Road vehicles are large emitters of 
carbon dioxide (CO2), carbon monoxide (CO), nitrogen oxides (NOx), hydrocarbons (HCs) and particulate matter (PM), 
produced from fuel combustion in vehicle’s internal combustion engines. 
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Figure 1 GHG emissions in CO2 equivalent by sector in Greece (EU Commission Mobility and Transport, 2016) 

Since 1992 the European Commission has set emission standards for petrol and diesel motor vehicles starting with 
EURO 1 to EURO 6 at present. The mandatory imposition of the European emission standards resulted in more energy 
efficient and less polluting vehicles due to improvements being made upon internal combustion engines. Electric vehicles 
(EV) of all types are an emerging market technology which helps to offset the negative effects of the transportation sector. 
Since 2010’s imposition of the emission standard Euro 5, a reduction in the transport sector related GHG emissions was 
observed. The fact that the economic crisis acted beneficially towards that outcome, through the reduction of new cars on 
the market, should not be overlooked (Figure 2). 

 

Figure 2 GHG emissions in CO2 equivalent in Greece for road transportation and cars (EEA, 2016a) 

New vehicles sold in 2015 in EU-28 emitted on average 119.6 g CO2/km, according to official testing reports, while 
the next target is set to 95 g CO2/km by 2020 (EC, 2015a; EEA, 2016b). Despite the increasingly stricter emission 
standards, road transportation is still considered to be a great GHG emitter. For certain pollutants there is a significant gap 
between real world values and test cycle emissions. In particular, CO2 emissions’ real world measurements were found to be 
40% larger than those of the approved New European Driving Cycle (NEDC) in 2014. Similar discrepancies were observed 
in the case of hybrid vehicles, as well according to data from ICCT (2015a; 2015b). Since 2000, despite the tightening of 
emission standard set for diesel fueled vehicle, NOx emissions in the EU28 have increased. Even the most recent EURO 6 
standard’s levels exceed the EU air limits under real world driving conditions, as it is demonstrated in Figure 3. 
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Figure 3 Comparison of NOx emission standards for different Euro classes (EEA., 2016c) 

According to the European Commission (EC) statistical pocketbook (2015) road transport is responsible for almost 
20% of total GHG emissions of EU28 in 2014, mainly attributed to the rapid growth of road vehicle sales and ownership 
over the years 2005 – 2015 (OICA, 2005-2015). High fleet penetration of diesel fueled internal combustion engine vehicles 
(ICEV) accounting for 40.7% of total passenger cars in EU (ACEA; Carslaw et al., 2011; Grice et al., 2009), increased road 
transport demand and due to the gap between official and real emission estimations. The EC has proposed two new test 
cycles for the NEDC to ensure the consistency between official and real world driving performance. The updated 
procedure will include the World Harmonized Light-duty Vehicle Test Procedure (WLTP) for CO2 emissions and the Real 
Driving Emission (RDE), for world NOx emissions from diesel cars. Under the Commission’s Regulation 2016/427, all 
vehicle manufactures are obliged to publish all data collected under RDE test cycles. Harmonization with the stricter 
emission standards require new investments for research and development of new cleaner Internal Combustion Engines, 
especialy for diesel cars. As a result, many manufactures are focusing on the improvement of Hybrid Electric Vehicles 
(HEV) and EV. 

The present work presents the results of charging and discharging a modern battery electric vehicle. The vehicle was 
discharged under real world driving conditions and later charged with different charging speeds from the autonomous and 
grid connected, solar EV charging station (EVCS) located in the Soft Energy Applications and Environmental Protection 
Laboratory of Piraeus University of Applied Sciences, and the actual energy consumed was estimated. The gathered data 
imposed that real energy consumed per kilometer was greater than that expected to be. Based upon real world data 
significant findings derived concerning the benefits upon reduction of air pollution from road transport when EVs are used 
in comparison with conventional vehicles. 

ENVIRONMENTAL ASSESSMENT BACKGROUND OF EVS 

EVs are an eco-friendly vehicle technology, promising to mitigate greenhouse emissions and air pollution related to 
the transport sector. However, deep penetration of EVs will much likely increase the final electrical energy consumption, 
leading to excessive greenhouse emissions related to electricity generation, while creating new rush hour power spikes 
associated with the installation of new power plants. For the estimation of the economic and environmental extend to 
which a certain idea will alter our surrounding many approaches have been proposed. Life Cycle Analysis (LCA) quantifies 
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the total emission cost over the complete life cycle of a project or product, from cradle to grave and furthermore to reuse 
and recycling (Gagnon et al., 2002). Many LCA studies have been suggested by researchers over the years namely tank-to-
wheel (TTW), grid-to-wheel (GTW), plant-to-wheel (PTW) and well-to-wheel (WTW) analysis. PTW considers losses of the 
energy path beginning from the power plant to the end user which is the battery. GTW focuses on the part between the 
grid the battery and finally the TTW is the most limited approach since it estimates the energy efficiency of the battery. 
Expressing the authors opinion the WTW approach is the most suitable for the present case study, since it incorporates the 
consumed energy and the generated emissions from resource depletion during energy generation, transmission and 
distribution, as long as vehicle utilization including pollutants such as CO2 ,VOCs, NOx, PM10, PM2.5, and CO (Huo and 
Wang, 2009).  

The dependency of Renewable Energy Sources (RES) upon the carbon intensity of the electricity generation sector is 
widely acknowledged and extensively demonstrated. Varga (2013) demonstrated that utilization of EVs produces the same 
amount of emissions when compared to the use of conventional vehicles, provided that the local power generation depends 
on the burning of fossil fuels. Countries with a high share of RES in their fuel mix can utmost benefit from the 
implementation of electrical vehicles into the transportation sector (Ajanovic and Haas, 2015; Liu et al, 2015; McLaren et 
al., 2016; Richardson, 2013). Emission levels not only depend on the fuel type and generation process but also on the load 
level. Since charging frequencies of an electric vehicle during the day may vary, it is essential to consider the time-dependent 
electricity generation mix and load level demands together with their seasonal ratings (Donateo et al., 2015; Ensslen et al. 
2016; McLaren et al., 2016). This part is also essential to define the necessary parameters, schedule charging strategies in a 
most cost effective way and ensure greater efficiency and stability of the distribution network (Habib et al., 2015; Nunes et 
al., 2015). 

CASE STUDY  

A comercial Battery Electric Vehicle (BEV) model was used as a case study vehicle in order to estimate energy 
consumption of a BEV under real world driving conditions and quantify the benefits of reducing air pollution in urban and 
suburban environments compared with a conventional vehicle. The under study vehicle is a pure BEV packed with a high-
voltage lithium-ion battery pack, technical data are presented on Table 1, as provided by the official manufacturer’s site 
(BMW i3, 2015). 

 
Table 1Technical data of BEV 

Capacity of lithium-ion battery in kWh 18.8 
Energy consumption in kWh/100km* 12.9 

Total energy consumption, average costumer in kWh/100km 14-17 
Electric range everyday use** in km Up to 160 

CO2 emissions gr/km 0 

*According to NEDC, **Range dependent by various conditions, e.g. driving style, route characteristics etc. 
 
Different route types were selected in the area of Attica in Athens Greece, considering road surface type and traffic 

namely urban, suburban and mixed with low, medium and high traffic conditions experienced under three driving styles 
namely eco-driving, normal and fast. Each driving cycle was performed during winter and summer, under different weather 
and temperature conditions. After each discharge, the vehicle was fully charged at the autonomous and grid connected solar 
EV charging station, located in the Soft Energy Applications and Environmental Protection Laboratory of Piraeus 
University of Applied Sciences, with two different charging speeds, “fast” and “slow”. During “fast” charging, we provided 
high power of up to 7.4 kW via a P-charge Wallbox Mono, established at the Solar EVCS. During “slow” charging, the 
vehicle was connected at a conventional 220-volt household power socket, located also in the Solar EVCS, with a charging 
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power up to 2,7kW. An empty battery pack may be fully charged within 3 hours and 45 minutes under fast charging 
protocol and within 9 hours and 30 minutes under slow charging protocol. After each driving cycle, the total energy 
consumption expressed in kWh/km was recorded, as provided by the vehicle and the measuring and logging equipment of 
the charging station (Figure 4).  

 
 

 
Figure 4 Solar EVCS and BEVS’ data 

As Kaldellis et al. (2015) stated it is of high importance to estimate the air pollution in urban and suburban 
environments, in Greece, in comparison to conventional vehicles (see Table 2). To support EV’s environmental benefits 
one may see that an internal combustion engine vehicle (ICEV) emits 150 – 300 gr CO2/km. An EV charged by the local 
mainland grid may reduce those emissions to half. By incorporating solar assisted charging of vehicles then emissions may 
be as low as 5 gr CO2/km when considering the life cycle of the PV cells and the infrastructure of the charging station. 

 
Table 2: Comparison of the main air pollutants emissions for various private vehicle options in Greece 

Air Pollutant 
(gr/km) 

ICEV Mainland Grid Islands Grid Solar EVCSs(*) 

CO2 150-300 80-150 120-160 5-10 
NOX 0.06-0.15 0.15-0.25 0.04-0.10 0.00001 
HC 0.1-0.2 0 0.05-0.08 0.00002 
SO2 0 0.2-0.35 n/a 0 
PM 0.005-0.015 0.001-0.003 0.005-0.01 0 
CO 1-2 0 0.1-0.2 0 

(*) Mainly due to system construction 

RESULTS AND DISCUSION 

The outcomes of the present study are not only beneficial for the retail customer but also for original equipment 
manufacturers, automotive companies and policy makers. In our case study the vehicles supervisory equipment and screen 
provides information regarding the amount of energy tapped from the vehicle battery pack per 100km (See Table 3). On 
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the other hand, measuring and supervisory equipment of the solar EVCS provide us with information concerning energy 
drawn by the grid (See Table 3). As expected, the specific energy consumed per kilometer, under real world driving 
conditions, was greater than the one provided by the vehicle’s operation system (See Table 3 and Figure 5). 

 
Table 3 Results for charging a BEV 

Data from charging Winter 
(slow & fast) 

Summer 
(slow & fast) 

Slow charging 
(winter & 

summer) 

Fast Charging 
(winter & 

summer) 

Total 

BEV (kWh/100km) 17.44 12.63 12.60 15.46 14.78 

Solar EVCS (kWh/100km) 20.90 14.58 14.39 18.34 17.40 

Losses of Charging 16.57% 13.34% 12.43% 15.72% 15.07% 

 

 

Figure 5 Energy consumption during winter and summer in Greece. 

From the study of the gathered data it was concluded that significant amounts of energy are lost during the charging 
of the vehicle due to parasitic losses originated from the charger, the cables and the battery pack. Losses were found to be 
larger when charging under the fast protocol (Figure 6). Lithium batteries’ operational life is a function of 4 variables, 
namely mean temperature, standard deviation of temperature, mean state of charge (SOC) and standard deviation of SOC. 
While charging, if the temperature of the batteries rises from the nominal value of 25oC, losses are expected to become 
even higher due to thermal losses within the system. Furthermore, fast charging consumes more energy than slow charging 
and might even be harmful for the battery pack.  

Charging and discharging efficiency of the EV’s battery pack gives us no information regarding the real efficiency of 
the system and primary energy consumption nor the quality of the primary fuel providing the energy needed. In the present 
case scenario the energy needed for charging the EV came from the sun. If that same amount of energy was provided by 
the mainland or island grid then it is most certain that the environmental footprint would have been different. 
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Figure 6 Energy losses by charging rate 

The average annual kilometers traveled (AKT) by an urban passenger’s car were estimated to be 13.000km/year 
(AFD, 2015; Eurostat, 2015, FHWA, 2015, EC, 2015b). Furthermore, the annual air pollutants emissions from an EV 
charged by the mainland or island grid or Solar EVCSs, compared to an internal combustion engine vehicle (ICEV) was 
estimated (See Figure 7).  

 

Figure 7 Annual CO2 emissions ICEV compared to an EV charged by the mainland or island grid or Solar EVCSs  

The large differences in the range of results when looking at conventional vehicles (ICEV) came from the fact that 
different vehicle, fuel types and ages where taken into account. Similar discrepancies where observed when considering 
charging of EVs from the mainland, island grid connected, or solar EVCS due to the variations in the fuel mix and quality 
of the primary energy source providing the electrical energy for the vehicles. When considering the Greek fuel mix, when an 
EV is charged from the mainland or island grid emits 96% and 61% less. If the same vehicle was charged by solar energy, 
the pollutants may have been even 30 times lesser than those of an ICEV.  

One of the critical components of a BEV determining efficiency and reliability of the vehicle is the efficiency of the 
battery pack. It is important to estimate the power capability, the ability of the battery to deliver and store power at a given 
time, and the factors that influence the battery’s life cycle. Most BEVs are packed with lithium- ion batteries due to their 
power capacity, high efficiency and long life cycle. Typically, they have a 3 to 5 years of calendar life but when applied to a 
vehicle they can reach up to 10 years. This depends on the good practice of the vehicle which reflects on the battery’s 
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performance. Most common factors that can accelerate the ageing mechanism are temperature, charging current, charging 
time and discharging rate. The capacity fade rate is related to the number of full discharge and charge cycles. As the number 
of cycles increases, the capacity drops below 80% of the nominal which is the minimum threshold. Therefore, a deep 
discharge stresses the battery and advances the ageing process. It is preferable to partial discharge a lithium ion battery and 
charge it up to 90% of its nominal capacity to expand the battery’s life.  Based on different charging protocols it was found 
that high charging currents influence the cycle life not only at high State of Capacity (SOC), but also at low SOC (Keil and 
Jossen, 2016). Charging at high voltage can cause degradation of the battery due to electrochemical oxidation (Choi and 
Lim, 2002); and that is the reason why the manufactures recommend to charge at constant voltage and avoid ultra-fast 
charging and high loads to prolong the battery. 

CONLUSIONS 

The significance of the findings offers the opportunity to estimate the actual energy consumed, total efficiency of 
charging an electric vehicle and the potential to improve the life of the vehicle battery pack, while future implications may 
rise from the implementation of Vehicle-to-Grid and forthcoming, hourly, price variable electricity tariffs and prices. 
Additionally, based upon real-world data acquisition the benefits of reducing air pollution in urban and suburban 
environments in comparison with conventional vehicles are quantified. 

Bearing the firm decision of EU for sustainable development and energy autonomy in mind, the support for further 
development of RES-based applications is a strategic decision towards 2030. Since the transportation sector is by far, the 
one with the minimum RES participation, the significant encouragement of clean EVs is the most promising solution for 
the private road transportation. Coupling of EVs with RES is considered to be one of the major options for the 
decarbonization of the transportation sector, as long as policy and technical experts may consider the actual energy 
consumed on EVs which seems to lay from 12.4% to 15.7%. 
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ABSTRACT 

The reduction of Green House Gas emissions is a major driver for the introduction of alternative sustainable fuels. Aviation’s main target 

is to build more fuel efficient aircraft fleet and to operate it safely and fruitfully, while minimizing environmental impacts. Changing the fuel source 

is one of the promising options, in the aviation industry, for reducing carbon footprint. While solar, electric and hydrogen propelled aircraft are 

being researched, it is not expected that they will be feasible in the near or medium term due to aviation's need for high power-to-weight ratio and 

globally compatible infrastructure. 

Aviation has achieved successful steps in bringing sustainable alternative fuels to technical maturity for use in commercial aircraft and 

numerous flights have demonstrated that the fuels can be safely and regularly used. Despite the challenging economic backdrop of a low oil price, 

initiatives to set up production and access the feasibility of such production have been developed. Drop-in fuels are the only current candidates for 

aviation, since any perceived production cost advantages of non-drop-in fuels cannot compesate costly incompatibilities with the current equipment 

and infrastructure. In the short term, the focus is to increase the use of blend stocks which copy the molecules already present in conventional fuels. 

The work within ICAO is making a key contribution for the future potential of alternative jet fuel. Regulations have been introduced in 

Europe, United States and other countries to promote the use of renewable energies. Those regulations in addition define sustainability criteria that 

biofuels should respect, duties being placed on the producer to demonstrate their compliance and defined thresholds for GHG emissions reductions 

that should be achieved by biofuels. 

Environmental certification following sustainability frameworks is today the principal way to ensure the sustainability of biofuels production. 

Life Cycle Analysis should include upstream and downstream processes associated with the production, delivery and disposal and relevant 

environmental impact assesement. With the prospect of additional supply options, regular supply and use by an airline, and increasing policy 

momentum from States, there is a potential to achieve a significant evolution of alternative jet fuel use in aviation. 

INTRODUCTION  

The reduction of greenhouse gas (GHG) emissions and climate change has emerged as a major driver for the introduction 

of alternative fuels in aviation. Continuous air traffic growth, with its related increase in GHG emissions, currently 

represents 2% of global emissions, but is expected to rapidly grow in the coming years, following air transport growth. At 

the same time, high volatility prices of crude oil have a critical impact on airline operation and profitability. Fuel has become 

their first source of expense with unpredictable, large fluctuations that are difficult to manage. In the longer term, security 

of supply is an issue for a sector which today fully depends on liquid hydrocarbon fuel.  

Aviation main target is to build more fuel efficient aircraft fleet and to operate it safely and fruitfully. Changing the fuel 

source is one of the promising options, in the aviation industry, for reducing carbon footprint. While solar, electric and 

hydrogen propelled aircraft are being researched, it is not expected that they will be feasible in the near or medium term due 

to aviation's need for high power-to-weight ratio and globally compatible infrastructure. Compared to other transport 

modes, the introduction of alternative fuels in aviation requires careful consideration due to the particular requirements of 

aviation fuels (low temperature properties, high energy content, etc.) that exclude the use of the fuels currently deployed for 

road transport. Aviation fuels need to be approved to international standards by all stakeholders before being deployed. 

Drop-in fuels are the only current candidates for aviation, since any perceived production cost advantages for non-drop-in 

fuels do not stack up against costly incompatibilities with the current equipment and infrastructure. In the short term, the 

focus is to increase the use of blend stocks which copy the molecules already present in conventional fuels. Nowadays 

alternative jet fuels for aviation can be produced through the following pathways: 
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— Fischer-Tropsch Synthetic Kerosene with Aromatics (FT-SKA); 

— Fischer-Tropsch Synthetic Paraffinic Kerosene (FT-SPK); 

— Hydroprocessed Esters and Fatty Acids (HEFA-SPK); 

— Hydroprocessed Fermented Sugar-Synthetic Isoparaffins (HFS-SIP); and 

— Alcohol to Jet Synthetic Paraffinic Kerosene (ATJ-SPK). 

These methods, approved by the standards-setting organization, American Society for Testing Materials (ASTM) 

International, enable the conversion of a broad range of renewable sources of biomass into sustainable jet fuel. The 

approval of alternative jet fuel pathways demonstrates the technical feasibility of the development of the fuels; research into 

additional techniques for producing alternative jet fuels is evolving rapidly. As with the already-approved HEFA-SPK, some 

of the forthcoming pathways will not require the use of land at all for feedstock production. 

The aviation community calls for a reduction of the sector emissions, by setting aspirational goals for Carbon Neutral 

Growth by 2020 (CNG2020) as decided in the latest Assemblies of International Civil Aviation Organization (ICAO). Even 

more ambiguous the vision of International Air Transport Association (IATA) targets to halving by two aviation emissions 

level in 2050 compared to 2005, which definetely requires the use of biofuels, in order to be achievable. 

MILESTONES IN AVIATION FUEL DEVELOPMENT 

In 2009, ICAO organized the Conference on Aviation and Alternative Fuels, during which Member States endorsed the use 

of sustainable alternative fuels for aviation as an important mean of reducing aviation emissions. This turning point, where 

consideration of alternative fuels became global, further led to the inclusion of recommendations in the latest Resolutions 

on Aviation and Climate Change (Resolutions A37-19 & A38-19), for States to consider policies and measures to support 

and accelerate, as appropriate, the development and deployment of such fuels as part of the basket of measures to reduce 

aviation’s impact on climate. 

Also in 2009, ASTM International approved the Fischer–Tropsch process as the first process for producing alternative jet 

fuel, crowning the effort undertaken to introduce “drop-in” alternative fuels in aviation, with the support of the United 

States’ Commercial Aviation Alternative Fuels Initiative (CAAFI) and the US Air Force. The following milestones have 

multiplied worldwide the development, deployment or use of sustainable alternative fuels in aviation: 

- 2010: First single-engine propeller transatlantic flight from Canada to Germany powered on biofuel; 

- 2011 First commercial flights operated using biofuel; 

- 2012: Flightpath to a Sustainable Future, an ICAO special Rio+20 global initiative, the first-ever series of 

connecting flights powered by sustainable alternative fuels, on which the ICAO Secretary General, travelled from 

Montréal, Canada to Rio de Janeiro, Brazil; 

- 2013: First regular flight operations using alternative fuel began between New York, United States and Amsterdam, 

Netherlands; 

- 2014: 21 airlines used alternative fuel on commercial flights; 

- 2015: Oslo Airport in Norway became the world’s first “bioport” by offering 2.5 million litres of aviation biofuel 

annually to its users; 

- 2016: Los Angeles International Airport in the United States, will have more than 56.8 million litres of aviation 

biofuel available over a 3-year period;  

- 2016: Fifth pathway for alternative jet fuel approved on 14 April 2016 by ASTM International; and 

- 2016: US Navy has incorporated alternative fuel into operational supplies, in order to increase mission capability 

and flexibility. In September 2016, US Navy successfully completed flight tests on one of their jet fighters, using a 

100-percent advanced biofuel, as a drop-in renewable jet fuel. 
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NATIONAL AND INTERNATIONAL INITIATIVES 

The primary purpose of the European Renewable Energy Directive (RED) is to set binding targets at European level for 

the introduction of renewable energy by 2020. At least 20 % of the Community’s gross final consumption of energy should 

come from renewable energies and energy’s share from renewable sources in all forms of transport should be at least 10% 

of the final consumption of energy in transport. 

No specific quota is defined for aviation but consumption of biofuels in aviation can contribute to the achievement of the 

10% target. The RED provides a first set of sustainability requirements for biomass based fuels. In parallel, numerous 

initiatives are actively working on sustainability frameworks and certification schemes. Recent biofuel initiatives from 

industry stakeholders are listed below: 

- The Commercial Aviation Alternative Fuels Initiative (CAAFI) is engaged in various activities to enable and 

facilitate the near term development and commercialization of such fuels 

- AIREG – Aviation Initiative for Renewable Energy in Germany e.V. has stepped up its efforts to prepare a 

continuous supply of alternative jet fuel in Germany. Its member organizations have initiated a great number of 

innovative projects, which in combination contribute to achieve AIREG’s goal of substituting 10 percent of the 

German jet fuel demand with sustainable alternatives by 2025. 

- The ITAKA (Initiative Towards sustAinable Kerosene for Aviation) project is contributing to support the 

development of aviation biofuels in an economically, socially, and environmentally sustainable manner, improving 

the readiness of existing technology and infrastructures. 

- Canada’s Biojet Supply Chain Initiative (CBSCI) is aiming to help enable carbon neutral growth in the Canadian 

aviation sector through the downstream integration of biojet fuel produced from certified sustainable, domestically 

produced oleochemical feedstocks in a comingled airport fuel supply system 

- A perspective on Solar-Jet Fuel: The EU-funded project SOLAR-JET has succeeded to synthesize the first “solar” 

kerosene from water, CO2 and solar energy by coupling a two-step solar thermochemical cycle with a Fischer–

Tropsch synthesis. The ultimate task is to apply solar energy to “re-energize” the products of combustion, water 

(H2O) and carbon dioxide (CO2), into energy-rich compounds that can be further converted into liquid 

hydrocarbon fuels. There are three general approaches to accomplish this task, i.e. through photochemical, 

electrochemical and thermochemical processes.   

The need of Public Policies for the deployment of Sustainable Aviation Fuels Renewable Energy policies for transportation 

have been effective in many countries through the establishment of mandates, fiscal incentives or other mechanisms, but 

mainly applied only to road transport.  It is important to include sustainable aviation fuels in specific alternative fuels 

policies of States to make them become available at global commercial scale. Actually, aviation has no alternative to liquid 

fuels in a foreseeable future, unlike road transportation. 

Key success factor for the implementation of the above mentioned projects is the level of convergence between national 

policies and the definition of mechanisms for interoperability and mutual recognition. Global cooperation among countries 

or regions and within ICAO are also key needs for achieving a future global supply of sustainable aviation fuels. 

ALTERNATIVE FUELS SUSTAINABILITY  

Sustainability of alternative fuels in aviation has been studied from various points of view. The assessment of environmental 

impacts and sustainability aspects of the fuel production and distribution is the so called "Well To Tank" sustainability 

assessment, which incorporates feedstock, fuel production, processing and fuel delivery. Considering the critical importance 

of GHG emissions in the selection of an alternative fuel, the focus has been mainly put on biofuels for which a much wider 
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scope of parameters exists. Analysis should cover the "sustainable" availability of the biomass for the biofuels production, 

their Life Cycle Analysis and a review of their other environmental and societal impacts. For the atmospheric impacts of 

aviation's emissions, the analysis addresses both local air quality around airports and the more global impacts on high 

atmosphere, through contrails formation or ozone balance modifications, especially because of the particular altitude at 

which aviation's emissions take place. 

BIOMASS AVAILABILITY FOR BIOJETFUEL PRODUCTION 

The two current leading processes for biojetfuel production, the Fischer-Tropsch synthesis and the hydroprocessing of oil 

or fats, allow the use of a very wide scope of feedstocks including lignocelluloses crops, oil seeds, forestry and residues 

biomass or more futuristic algae. The availability of these feedstocks has been assessed by production sectors: agriculture, 

forestry, residues and waste, and algae which involve completely different ways of cultivation.  

The biomass availability is assessed against the global energy demand as projected by the International Energy Agency and 

against the aviation demand. A conservative approach has been retained to assess biomass availability. For agriculture, 

priority was given to food security, energy crops (including lignocellulose and oil seeds) being only considered on remaining 

croplands and grazing lands. Sustainability constraints were also introduced: only perennial crops were considered on 

grazing lands, 30% of which were preserved as grazing land, deforestation being excluded. 

The largest contributor to energy biomass is by far agriculture. Forestry biomass presents a potential from a technical point 

of view, but the introduction of economical or ecological constraints can annihilate it, even leading to a shortage of wood 

for industry and woodfuel. In addition to the classical raw materials considered in the assessment of biomass availability, 

new type of feedstocks can be expected in the future through the development of algae that promise higher yields than 

terrestrial crops and induce low requirements on land quality avoiding a direct competition with food. 

The landscape of alternative fuels in aviation has significantly evolved with the approval by ASTM of the first alternative 

fuels for aviation, the Fischer-Tropsch synthetic paraffinic kerosenes (FT-SPK).  These FT-SPKs can be made from coal 

(CTL), gas (GTL) or biomass (BTL), all of which are now approved for commercial use in blending ratio up to 50% with 

Jet A1.  Hydroprocessed oils (HO), producing synthetic paraffinic kerosene from plant oils or animal fats, which are often 

referred as Hydroprocessed Renewable Jet (HRJ), are presently following the same track and have already undergone 

numerous flight demonstrations. These fuels are said to be "drop-in" since they are fully compatible with today's aircraft 

engines and fuel systems as well as with the current fuel supply infrastructure, and can be blended with conventional Jet A1. 

Fischer-Tropsch fuels are already at the production stage from coal and gas but still at demonstration stage from biomass. 

Hydroprocessing of oil is a mature process but limited production capacity today exists mainly targeted towards diesel fuel. 

Algae are still at research and development stage, to confirm at large scale the high performances obtained in laboratory or 

pilots, and to reach competitive production costs for energy production. Reaching these goals implies progress at all the 

steps of algal oil production chain, harvesting of algae and extraction of the oil being often recognized as the most pressing 

technical challenges. Economical, environmental and energetic balances of the production can be greatly improved if the 

CO2 required for algae growth comes from flue gases and if the nutrients can be obtained from wastewater. The co-

production of high value biomass is also essential to support the commercialization of algae based fuels. 

LIFE CYCLE ANALYSIS 

Life Cycle Assessment (LCA) is the systematic analysis of the environmental impact of products during their entire life 

cycle. It comprises production, use and disposal phases. Environmental impacts are evaluated throughout, also including 

the upstream and downstream processes associated with the production (e.g. production of raw, auxiliary and operating 

materials) and with the disposal (e.g. waste treatment). Environmental impacts refer to all relevant extractions from the 

environment (e.g. ores and crude oil), as well as emissions into the same (e.g. wastes and carbon dioxide). 
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Based on the methodological guidelines set by the European Directive on the promotion and use on renewable energy 

(2009/28/CE), assessments should be made on greenhouse gases emitted for the production and use of alternative fuels 

and on energy consumption associated to the various fuel chains on the whole life cycle. Fuel chains from fossil feedstock 

and biomass feedstock that have been evaluated are:  

- Conventional Jet fuel and FT fuel from natural gas (GTL); 

- Hydrotreated Renewable Jet (HRJ) fuel from rapeseed, camelina, oil palm, jatropha and algae; 

- FT fuel from lignocellulosic biomass (BTL) including miscanthus, switchgrass and wood from short rotation 

coppices (SRC). 

All the considered biofuels pathways demonstrate a potential for GHG emissions reduction. Nevertheless, their ability to 

reach the RED's targets of 60% in terms of emissions thresholds depends strongly on the process and on the cultivation 

pathway which is the major contributor due to the use of agrochemical inputs. In Figure 1, alternative fuels evaluation on 

the whole life cycle is presented and compared to RED threshold of 60% Well to Wake GHG emissions.  

 

Figure 1.  Fuel chains from fossil feedstock and biomass feedstock LCA Analysis. 

BTL pathways are able to reach the target and demonstrate significant emissions reductions, up to 90% in the case of 

myscanthus. BTL process nevertheless exhibits poor yields and a high energy demand which call for an optimisation. HRJ 

are emitting more GHG than BTL, and their ability to reach the target depends on the feedstock and on the emissions 

associated to the cultivation step which has to be carefully optimised. For example, minimizing fertilizers inputs by the use 

of the crop co-products demonstrates significant life cycle emissions in case of jatropha. 

At the contrary the results of the assessment confirmed that GTL leads to an increase of GHG emissions compared to 

kerosene, even in case carbon capture and sequestration is applied. Although GTL can have a significant effect on the fuel 

security of supply for aviation by giving access to extended fossil resources, there is no hope that it could provide 

environmental benefit from the green house gas effect point of view.  

All these potential benefits compared to kerosene can nevertheless only be achieved if no negative impact of land use 

change is associated to the feedstock production. Land use change is thus a primordial parameter for the selection of the 

crops and lands to be used for biofuel production.  
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ENVIRONMENTAL AND SOCIETAL IMPACTS 

Competition with food 

Competition with food is probably the first fear associated with biofuels development. According to Food and Agriculture 

Organization of the United Nations (FAO), the main effect of biofuels on food security will come from their impact on 

food product prices and on people incomes, especially in the poorest countries with high deficits of the agriculture trade. In 

the longer term, biofuels may have a potential positive effect if their production revitalizes agriculture in developing 

countries. Examples exist of countries where commercial production developed without negative impacts on food 

production. A major factor for such positive revitalisation is investment in agriculture and local infrastructure which is also 

required to obtain the high yields necessary to reach the biofuels production targets. The general feeling is nevertheless that 

at world scale the net effect on food security in the short term is likely to be negative. 

Deforestation and biodiversity 

Life cycle analysis clearly underlines the critical impact of deforestation on carbon emissions. Deforestation is also a major 

source of biodiversity loss. From both points of view, the worst impact occurs when destroying tropical forest where 

nevertheless the highest deforestation is currently taking place. 

Deforestation is not necessarily associated to biofuels. The extension of food markets such as the one of edible oils may be 

an important driver when countries chose to use them as a tool for their development. Biofuels can only add to this 

pressure. Biodiversity can also be endangered by over exploitation of forests without deforestation. Sustainable 

management of forest needs to be implemented with measure like leaving residues on ground. 

Indirect Land Use Change 

Life cycle analysis emphasizes the utmost importance of a careful control of land use change for the limitation of green 

house emissions. The difficulty arises from the fact that land use change can be induced indirectly by biofuels production 

and so may not be immediately visible. Indirect land use change (iLUC) results from the displacement of cultures because 

of the deployment of energy crops on areas that were used for other purposes and especially for food production. 

ILUC is difficult to observe and to calculate because it is an indirect process, it has a global impact and it has a temporal 

shift. Induced land use change may also occur in a completely distinct geographic area. Understanding iLUC impacts 

requires knowing the various ways in which any increase in demand for biofuels will be met.  

Irrigation and Water Availability 

Water is clearly a critical issue with view to biofuels development. Many countries already present some water availability 

issues. Irrigation should be considered carefully and only when nutrients are available in sufficient quantities not to be the 

limiting factor. Non irrigated crops such as short rotation coppices may nevertheless have significant impacts on local 

hydrology and their implementation has to be carefully considered in relation with local conditions. A difficulty may stem 

from the fact that there is no accepted definition of water scarcity. 

Societal and economical impacts 

Development of large commercial cultures implies reallocation of land and resources. This has serious impacts on rural 

societies the subsistence of which is closely linked to natural resources and access to land. The combination of insufficient 

legal frameworks to protect small holders with plans to promote and develop market production may result in conflicts for 

land property.  

118



For rural and social development, it may be nevertheless important to involve small holders which can be favoured by 

public investments in infrastructure, diffusion of techniques, legal or market institutions. Contractual agriculture is another 

mean. 

Existence of policy measures and incentives or subsidies along with access to credit is also prerequisite which may induce 

bottlenecks in developing countries. The development however may be funded by foreign investors and be seen as 

contributing to the economical uptake of the country with nevertheless the potential drawbacks of large commercial 

agricultural production on local people. 

Atmospheric impacts 

 Apart from impacts on life cycle green house gas emission, synthetic paraffinic kerosene (SPK), produced from either fossil 

resources or biomass through Fischer-Tropsch or  hydroprocessing, leads to a strong reduction of particulates emissions of 

aircraft engines. This is due to their low aromatics and sulphur contents. 

The studies initiated in SWAFEA have been carried out considering SPK blends with Jet A1 which are currently the main 

candidates for aviation alternative fuels. From literature data and from the combustion tests performed, the most notable 

impact of SPK blends on engines emissions is a strong reduction of particulate matters, both soots and aerosols, due to the 

lower contain of these fuels in aromatics and sulphur. Available data indicate that soot initial concentration at the engine 

nozzle exit may be reduced by 30% to 90% at cruise conditions. 

This reduction in particulates emissions is a positive factor for local air quality since soots are considered as an important 

source of severe respiratory affection and sulphur oxidation leads in particular to sulphuric acid formation. Particulate 

matters also influence the formation of contrails since they trigger the condensation of water vapour and induce the 

formation of induced cirrus clouds which modify the radiative forcing of the atmosphere. Detailed simulations of a 

turbulent wake performed in SWAFEA show that reducing the soot emission index reduces the diameter of the ice particles 

that form on soots and following decreases the optical depth of the contrails. This is likely to reduce the effect of the 

contrails on radiative forcing and thus on climate. 

For local air quality and impact on global ozone budget, simulations are being held and rely on a scenario for both air traffic 

and aircraft fleet. This scenario is based on a traffic forecast and is used to build a global three-dimensional emissions map 

over the globe as an input for the atmospheric impacts simulations.  

CONCLUSIONS 

Energy supply security and GHG emissions reduction are key challenges for future aviation. Both challenges can only be 

met through a paradigm shift from the current fossil to a future renewable energy basis. While large-scale utilization of 

biomass for fuel production poses environmental and social risks, Power-to-Liquid (PtL) and Sun-to-Liquid (StL) fuel 

pathways enable the technical conversion of solar energy into renewable liquid fuels without the need for intermediate 

biomass production. Advantages of these pathways are potentially very favorable carbon footprints, low land requirements, 

as well as vast production potentials. Risks are associated with the current low maturity especially of the StL technology and 

the required enhancement of energy conversion efficiency. 

A significant amount of biomass may theoretically be available at world scale for energy application, mainly from 

agriculture, without endangering food security. It is however far from covering the projected world energy demand in 2050, 

evidencing a strong need for complementary energy sources. Reaching the biomass production potential requires a 

significant effort and investment in agriculture, putting in cultivation large amount of lands that are not cultivated today, the 

availability of fertilizers and of manpower.  
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From a life cycle point of view, biofuels offer the promise of a significant reduction of the green house gas emissions. 

Alternative fuels derived from fossil feedstocks, CTL and GTL, have detrimental impacts on green house gas emission 

compared to traditional kerosene even in case of carbon capture and sequestration. 

Potential benefits compared to kerosene can only be achieved if no negative impact of land use change is associated to the 

feedstock production. Either negative or positive, the land use change has a higher impact than the whole fuel production 

chain. This highlights the importance of controlling indirect land use change (iLUC) that can results from culture 

displacement. However no methodology is today accepted to address iLUC. 

Environmental and societal impacts of biofuels are not specific to biofuels or to the crops used to produce them. They exist 

for traditional agriculture and are mostly relevant of agriculture management and of development policies of the interested 

countries. The fact is that biofuels development will put additional pressure on existing trends. 

Deeper analysis of atmospheric impacts of alternative fuels is required to completely assess their global final effects. These 

fuels should be considered in the on-going or proposed research programs on aviation impact on atmosphere and following 

on climate.  

Environmental certification following sustainability frameworks is today the principal way to ensure the sustainability of 

biofuels production. Present regulations in Europe should be harmonized to more efficiently enforce sustainability of 

aviation biofuels. Biofuels should match the RED requirements and be certified in order to account for zero emissions in 

the ETS. Similar measures are required at ICAO level for a worldwide application in accordance with ICAO's resolution on 

climate change. 

Aviation fuel being a global commodity, harmonisation of sustainability regulations should be searched among the various 

world areas. In particular, there would be a strong benefit from an alignment on a global LCA methodology. 
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ABSTRACT 
Energy, environmental, cost, and social sustainability is usually well fulfilled in a Metro system due to the significant reduction in city traffic 

loads, energy consumption, passengers travel time, pollution emissions, car accidents, noise levels, etc., while promoting sustainable growth and 
making worthwhile the substantial capital cost necessary to construct a Metro Line. In the present paper a description is provided for retrofitting 
an existing ventilation system with an air conditioning system for the platforms, mezzanine and concourse levels of a central two-line Metro 
Station in Athens (Syntagma station), aimed in improving passenger comfort and attracting more passengers, sized at a cooling load of 2.7 MW. 
The impact of the heat rejected at street level during the A/C operation is also predicted using 3-D CFD simulations, with special sensitivity 
regarding its location in the National Garden park adjacent to the Parliament building, leading however to an unacceptable temperature increase 

of up to +4oC  in the neighbouring vicinity during operation. The evaluation of the proposed design and its implications questioned the overall 

energy, environmental and cost sustainability of this proposal, mainly due to the open station platforms where the air-conditioned air is essentially 
"wasted" either to the street level through the station accesses or to the tunnels. It was concluded that retrofitting an A/C system to the specific or 
other Metro stations in Athens with their predetermined summer environmental conditions, should be implemented only when Platform Screen 
Doors are installed in the stations, safeguarding a drastic reduction of approx. 65% in the cooling loads, the energy consumption and the heat 
rejection at street level, and hence resulting in a true case of energy, environmental and cost sustainability.  

		

INTRODUCTION 

A Metro system is by its nature highly sustainable in energy, environmental, social and cost terms. Its use by the 
citizens reduces their travel time, the city traffic congestions, the energy consumption, the environmental pollution, the car 
accidents, the noise levels, etc, while promoting sustainable growth and development, saving time for the citizens, 
upgrading the property values, offering upgrading opportunities to the city areas where the metro moves to and having a 
marked positive effect on social sustainability. The above benefits fully justify the significant capital cost to construct a 
Metro line, estimated at 100 m € per Km. 

In a quantified example, the two new Metro lines 2 & 3 in Athens, with 36 new stations and 38 km length, that have 
gone into operation in 3 phases between 2000 and 2013 with a cost of approx. 3,8 billion €, are serving approximately 
870.000 passengers daily, with 171.000 less cars in the streets and 2.94 million Km less car-km daily, 784 less tons at CO2  
emitted daily in the city’s atmosphere, and with 230 less car accidents preventing 3 deaths and 14 heavily wounded citizens 
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on a yearly basis. Overall, a metro passenger uses 1/16th of the energy and produces 1/4th of the CO2 pollution, as 
compared to an equivalent trip with his private car. 

However, still the use of the Metro by regular car users in Athens in only at 22%, hence improving the Metro 
attractiveness at no significant added capital cost, is always a target, and returns any investment with increased sustainability.  

One way of making a metro system more attractive is to air condition the stations. The trains are already air-
conditioned, as in the Athens summer conditions with ambient temperatures attaining often 35-40 o C, this is considered as 
imperative. However air conditioning of metro stations has very high energy requirements (sometimes approaching the 
energy required to move trains) and this also reflects to increased operational cost, while exhausting large quantities of hot 
air from the condensers of A/C units in a city is clearly undesirable. Hence there is a fine line between attracting more 
passengers, and doing so in a sustainable manner. 

The present paper first describes the design for retrofitting an existing ventilation system with an A/C system of 2.7 
MW cooling load capacity in a two-line Metro station (Syntagma station, at the intersection of Lines 2 & 3 which went into 
operation in 2000). However assessing the advantages and disadvantages of this project as well as its sustainability 
characteristics, an alternative approach was considered for reducing the cooling loads, that of installing Platform Screen 
Doors (PSDs) on the station platforms. This is, in any case, a long term plan of any metro system, as utilizing state of the 
art driverless train technologies results in significant operational safety enhancement and operational cost savings. Thus, the 
significantly reduced cooling loads and respective energy requirements for the station A/C installation make its 
implementation more attractive and viable. 

THERMAL LOADS DESCRIPTION  

The thermal loads considered in the station heat balance for sizing the A/C system, (without Platform Screen Doors), 
are as follows: 

1. Train braking : this is the most significant of al thermal loads, it is a result of the train kinetic energy converted into 
heat during braking via banks of resistors heating up to 400o C in the train underfloor area, and it is obtained from 

traction power simulations along Lines 2&3, with emphasis on the train movements to / from the 4 adjacent stations 
and tunnel sections, assuming: 

a. 15% braking power regeneration, ie 85% of the braking power being converted into heat  
b. 50%-50% heat dispersion split between tunnels and station. 

2. Train traction : (obtained from the same simulations as above) assuming that 20% of the traction power is converted 
into heat and dispersed into the station with a 50%-50% split between station/tunnels. Train traction heat loads 
originate from heated motors/casings/bogies/inverters and related underfloor equipment, as trains move through 
the line. 

3. Other train heat loads considered in the station thermal balance are : 
a. Heat loads from the aerodynamic drag of trains 
b. Heat loads from the mechanical- friction resistance of moving parts  
c. 3rd rail heating as the a/c power may heat up the 3rd rail up to 90o C 
d. Heat loads from operating vehicle accessories (lights, doors, etc) 
e. Train A/C, which includes the condenser extracted heat and the electrical HVAC compressor power 

per train, averaged in time. 
4. Station heat loads, such as lighting, escalators, lifts, fare collection equipment, advertisements, etc. 
5. People load (sensible and latent) assuming a maximum 500 people per platform per track at the peak hour, scaled 

down depending on the hour of the day. 
6. Heat loads at the upper station levels due to the presence of shops, archaeological displays and also escalators/ lifts 

serving those upper levels. 

122



	 	  
EinT2016 - 1rd International Conference “ENERGY in TRANSPORTATION 2016”		

	

7. A heat sink is also considered in the thermal balance as the station walls are in contact with the soil and the 
underground waters which are at a constant temperature of +18oC, resulting on an average temperature difference 
throughout the day of approx. 5o C between the station walls surfaces and the air inside the station. 

 
In quantified terms, the heat loads and other thermal analysis parameters, used as input into the hourly analysis 

software for sizing the HVAC equipment were as follows: 
Ø Train frequency      : 20 trains/hour/direction (i.e. 3 min headway)  

Ø Outside design temperature    : 36o C 

Ø Outside relative humidity    : 40  % 

Ø Required inside design temperature   : 28o C 

Ø Number of passengers    : 500 people per track, per platform 
Ø Passengers heat load     : 65,5 kW average per track, per platform,  
           @ 52 W sensible, 79 W latent per person per hour 
Ø Lighting (average as above)     : 8,25 kW, 550 m2 platform area @ 15 W/m2  
Ø Escalators (average as above)    : 24 kW ie 3 escalators x 25 KW x 32% 
Ø Lifts (average as above)     : 1,2 kW per lift 
Ø Heat loads in concourse/mezzanine areas   : 52 kW (lighting, escalators, lifts, fare collection equipment, 
            advertisements, shops, etc) in an area of 1800 m2  
Ø Train heat loads as shown below in Table 1 (averaged per train, approaching, entering and leaving the station). These 

vary significantly, as they depend primarily on the vertical alignment of the Line. Traction heat loads are considered 
for trains moving from Syntagma station outwards. Braking heat loads are considered for trains moving from the 4 
adjacent stations towards Syntagma station. 

 
Table 1. Train braking and train traction heat loads  

 Line 3 
eastbound 

Line 3 
westbound 

Line 2 
northbound 

Line 2 
southbound 

 

Braking 
(kW) 20 8 9 10 % of braking : 0,85 

Traction 
(kW) 35 3 9 4 % of traction : 0,20 

Total (KW) 24 7,4 9,5 9,3  
 

Ø Aerodynamic drag generated heat   : 23 kW 
Ø Mechanical – friction generated heat   : 24 kW 
Ø 3rd rail generated heat    : 14 kW 
Ø Train A/C      : 70 kW  

 (288 kW cooling load + 120 kW electrical power) x 34%  
 
The above 4 heat loads are based on the assumptions:  

(a) 50% - 50% heat distribution split between station and adjacent tunnels, as suggested by 1-D time 
dependent flow and heat transfer simulations performed for the tunnel ventilation analysis. 

(b) 20 % efficiency of the Under Platform Exhaust (UPE) system, extracting train underfloor generated 
heat (traction braking, mechanical-friction) and expelling it from the station areas. 

(c) 34 % train A/C heat loads are diffused into the station (considering the above station/tunnel heat 
split, the UPE efficiency, the diffusion of A/C air from the trains in the station when they open 
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their doors with 30 sec dwell time, and train headway of 3 min) 
 
All the heat loads from train operations, passengers, A/C supply air cooling etc, are accordingly adjusted on an hourly 

basis throughout the day, and a typical total heat load distribution with time in the month of August is shown in Figure 1 
for the Line 3 platform. 
 

 

Figure 1 Daily heat load distribution for metro station (typical for Line 3 platform) 

A/C SYSTEM SIZING  

Considering all the above analyzed thermal loads and their hourly distribution during a summer day (with the outdoor 
design temperature covering 97.5% of the days per year), while noting the existing ventilation ductwork at the Line 2 and 
Line 3 platform areas, complying with the station cooling requirements and respecting the design conditions, the A/C 
system, whose schematic diagrams are shown below on Figures 2a, 2b and 2c is designed as follows: 

Ø Max. cooling load of 2.7 MW 
Ø 24 m3/s of air supply to the platform of Line 2 at 13o Cdb supply air temperature, 30 m3/s of air supply to the 

platform of Line 3 at 13o Cdb supply air temperature and 6 m3/s for the concourse/mezzanine areas at 16o Cdb, 
hence a total A/C supply of approx. 24 + 30 + 6 = 60 m3/s 

Ø 100% fresh air supply. The option of air return was ruled out as it would require very significant civil works 
modifications, which would increase the cost unacceptably. 

Ø Chilled water will be produced by three (3) air cooled chillers, each one sized at 900 kW. The 3 chillers will be 
located on an elevated metal structure on top of an existing start level ventilation shaft of the metro station inside an 
adjacent park (Figure 3). 

Ø Five (5) air handling units will supply the A/C air to the station areas - two for the platforms of each Line and one 
for the concourse/mezzanine areas. The units’ air flow rates are 6, 11, 2 x 12 and 19 m3/s. 

Ø Two primary circuit in line pumps (each rated @ 155 m3/hr) will be provided for each chiller, for supplying the air 
handling units with chilled water, while two secondary in line pumps (rated @ 2 x 229 m3/hr and 2 x 238 m3/hr) for 
circulating the chilled water through the coils of the air handling units will be installed at each machine room serving 
the corresponding air handling units. 

Ø Extensive steel piping + insulation for the chilled water, with pipe diameters starting at 6 inches at the chillers 
inlet/outlet, increasing to 10 inches at the common chilled water piping to the air handling units and reducing down 
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to 3 inches for feeding the smallest air handling unit. 

 

Figure 2a A/C system schematic diagram – Line 2 platform 
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Figure 2b A/C system schematic diagram – Line 3 platform 

 

Figure 2c A/C system schematic diagram – mezzanine and concourse areas 
 
 
 

 

Figure 3 Elevated metal structure for housing the A/C chillers, on top of a metro intake ventilation shaft 
 

A/C	chillers,	3	x	900	kW	

Chillers	supporting	structure	

Circumferential	sound	
absorbing	fins/grilles	

Metro	station	street	level	
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Chilled	Water	piping	to/from	Air	
Handling	Units	inside	metro	station	
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INSTALLATION DESCRIPTION  

Retrofitting an air-conditioning system to an operating metro station requires detailed planning, working during 
engineering hours (00:30 am-04:30 am), complying to strict safety measures, and performing extensive testing to ensure the 
A/C system operation, without however compromising the station ventilation and smoke extraction capabilities at any 
point in time. The works cover a wide range of tasks, which need to be carefully coordinated, and which are outlined as 
follows: 

Ø Construction of the elevated metal platform structure of street level 
Ø Installation of the chillers on the metal structure and of the air handling units, pumps and auxiliaries in the 

underground technical rooms of the station 
Ø Installation and connections of the extensive insulated piping plus auxiliaries.  
Ø Installation and connections of new insulated metal ductwork, exhaust fans and ancillaries 
Ø Adding ducting insulation on all the existing metal ductwork of the station. This requires sequential dismantling of 

the station platforms false ceilings and it is a major task that can only be done in the absence of passengers, i.e. at 
engineering night hours. 

Ø Modifying the Medium Voltage 20 KV Power Supply of the station, installing a new 20KV/400V transformer for 
the needs of the A/C system in a new underground room of the station (one of the unused spare rooms). 

Ø Providing local ventilation to the above electrical room to extract the equipment generated heat 
Ø Installation of a new power supply switchboard plus cabling & cable trays fed by the above new transformer, for 

powering all the new A/C equipment (chillers, air handling units, pumps, etc) 
Ø Modification/upgrading of the Building Automation Control System (BACS) and of the Power Remote Control 

System (PRCS) of the Metro Operations Control Centre (OCC), to allow the local and remote control of the new 
A/C system. 

Ø Extension/upgrading of the fine detection and Automatic Fire Suppression systems of the station for covering all 
new equipment rooms (A/C and power supply equipment). In this context new telephone lines shall be installed in 
all new technical rooms. 

Ø Extensive testing of: 
a. New A/C equipment installed, to ensure compliance with the performance specifications. 
b. Existing station/tunnel ventilation and smoke extraction equipment, to ensure their unaltered 

operation and performance, for safeguarding passenger safety. 
c. New power supply equipment installed for the needs of the new A/C system and all new electrical 

interfaces (eg. selectivity of circuit breakers). 
d. Modified fire detection and automatic fire suppression systems 
e. New and existing monitoring and control equipment ensuring their proper operation 

 
In the context of (b) and (d) all station/tunnel fire response scenarios will need to be re-run and the actual system 

response closely monitored and evaluated.  

LOCATION OF THE CHILLER UNITS 

From the outset of this project, it was evident that one of the greatest challenges was going to be the effective 
"dumping" of the large quantities of hot air of the condensers of the A/C units at this central city location. 

The original design had foreseen air handling units installed inside the station with the condenser heat of water cooled 
chillers, being removed by heat exchangers located at tunnel intershafts, at distances of approximately 400m from the 
station in each one of the 4 adjacent tunnels, where tunnel fans would expel the heat to street level grilles. This option was 
ruled out due to complexity, due to reduction of the tunnel fans smoke extraction capability, but mainly due to the 
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undesirable expelling of the condenser heat, at street/pedestrians level. 
By installing air-cooled chillers at an above ground level and within the limits of an existing ventilation shaft of the 

metro station, no extra space will be taken, while the elevated metal structure would be aesthetically designed, including 
extensive rows of circumferential noise absorbing fins/grilles enabling the proper operation of the chillers, without 
imposing an additional noise burden to the area. 

However, the significant amount of heat rejected by the chillers, required a more detailed study of the heat dispersion 
effects and this was performed with a 3-D heat dispersion simulation. This simulation was performed by the Fluids Section 
Lab of the National Technical University of Athens, using a Navier-Stokes algorithm with appropriate turbulence modelling 
for heat flow problems. The results (eg. Figure 4) indicated that in the worst case of limited cross-winds, the heat rejected 
by the chillers resulted in a temperature increase of up to +4o C or locally even higher (Figure 4a), in the vicinity of the 

neighboring National Garden trees at heights from 10-20 m and that was considered as unacceptable as it was going to have 
a detrimental effect on them. Spraying of water in the exhaust hot air streams of the chiller condenser units was considered 
(with all necessary water treatment provisions), for mitigating the adverse heat burden on the trees, while increasing the 
humidity levels in the near vicinity but that would introduce the further complexity of a water spraying subsystem in the 
A/C installations. Furthermore, the study confirmed that there is no recirculation of the hot air from the chillers at the 
elevated metal platform level, back into the metro air intake shaft at street level (Figure 4b). 

 

 
Figures 4a,b Cross section of (a) air temperature distribution prediction from A/C heat rejection at street level and  
(b) vertical air velocity component distribution showing no hot air recirculation into metro intake ventilation shaft 

CAPITAL AND OPERATING COST 

The capital cost of this project is estimated at a total of 4.8 million €, broken down as 59% for the equipment 
procurement and installation, 25% for the related systems upgrading (power supply, controls, fire protection, ductwork 
modifications), 10% for the necessary civil works and 6% for all other costs (design, testing, reinstatement). 

The projected energy cost, is based on an average power consumption of 1.8 MW for 8 hours daily for 5 months of 
the year, at a unit cost of 0.1 €/KWh. This leads to an energy cost of approx. 220.000 € per season, ie per year, if the system 
is not used for heating in the winter months. Finally the spare parts-maintenance cost per year is estimated at a total of 
25.000 €. 

In view of all of the above technical, operational environmental and cost aspects, and also considering that the 
inelastic nature of the passenger trips combined with the on-going economic recession is unlikely to significantly increase 

(4a)	 (4b)	
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the station ridership, the energy, environmental and cost sustainability of this project becomes questionable on all three 
aspects and hence ways of improving the above are investigated. 

In this context, the exploitation of the underground waters (at a constant temperature of 18o C throughout the year) 
for cooling and the installation of Platform Screen Doors on the station platforms for mitigating the train related heat loads 
offer the two main options. The first one is ruled out as the station is already constructed and further underground works 
or drillings are not a preferred option. The second option of installing Platform Screen Doors is presented in the next 
chapter. 

INSTALLATION OF PLATFORM SCREEN DOORS 

International practice on modern metro systems suggests the installation of Platform Screen Doors (PSDs) at metro 
station platforms. These separate the platform areas from the tracks and the trains and open/close in synchronization with 
the train doors. PSDs offer several operational advantages, enhancing passenger safety, preventing suicide attempts, 
containing the train and rail wear generated dust in the tracks area thus keeping the platforms clean, and assisting in 
reducing noise levels, while offering an important advantage for air conditioning the platform areas as these become almost 
closed areas with controlled air flows. PSDs are also retrofitted in older metro stations, when upgrading train operations to 
driverless technologies. In contrast, in a station without PSDs the arrival or departure of each train moves significant 
volumes of air ( > 2000 m3/train) which either move to the street level through the station accesses (typically 2 x 20% of 
the total air quantity) or through the station ventilation relief shafts, (typically another 2 x 20%) or into the adjacent tunnels 
(typically 2 x 10%) totaling 100% of the air which is removed from the platforms and is replenished by new quantities of air 
through the same above paths. Hence, considering a typical train headway of 3 minutes in each direction, it is evident that 
in case of an open air-conditioned platform area, the air-conditioned air would be “washed away” by the moving trains 
twice every 3 min, either to the street-level or to the tunnels, and this poses a significant question mark on the viability and 
sustainability of an Air Conditioning system, operating under these conditions. 

The proposed installation of PSDs would entirely eliminate all the train related heat loads by fully separating the 
platforms from the tracks where this heat is generated, especially since the positive pressure at the platform areas ensures 
that very limited train heat loads will disperse into them through the open PSDs during the 30 sec of train dwell time. 
Furthermore the introduction of PSDs would reduce the platform supply air volumes required and this will in turn reduce 

accordingly the air conditioning power to cool down the outside air (at 36o C) to the supply air temperature (13o C). As a 
result of the PSDs installation, the heat loads are hence modified as follows : 

1. The effect of all train braking, traction, aerodynamic drag, friction, 3rd rail and train A/C thermal loads reduces 
drastically. This implies an immediate reduction of approximately 1 MW of thermal loads. 

2. As the platform areas of Lines 2&3 become substantially smaller in air volume, with more controlled air flows and 
with less heat loads, the original air supply of 24m3/s for the platform of Line 2 and 30m3/s for the platform of Line 
3 may be reduced to 12 m3/s for each platform which fully cover both the fresh air requirements for 500 people per 
platform, as well as all thermal load requirements. This, in turn, reduces the heat load of the outside air 
approximately by a further 0.85 MW.  

3. The above quantities are based on preliminary calculations, as the stations PSDs installation is a medium/long term 
target. More design work is necessary to select more accurately the air supply flow rate and temperature for 
optimizing the A/C installation.  

 
Based on the above, the initial 2.7 MW of the station cooling loads are drastically reduced down to 0.95 MW (35% of 

the initial ones) and this will re-size accordingly downwards all the equipment, the capital and the operating cost and the 
heat rejected to the city’s atmosphere.  

Specifically regarding the heat rejection issue above street level, the significantly reduced heat load would be easier to 
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manage with moderate water spraying, leading to an estimated temperature increase of < 1o C in the vicinity of the station 
air intake shaft where the chillers are located, which is acceptable in environmental terms. 

Moreover, if simpler one-line metro stations (without shops and with limited archaeological exhibits) are air-
conditioned, the introduction of PSDs is estimated to reduce the A/C loads to a similar 35% of the station heat loads 
without PSDs. This indicates a cost effective air conditioning process with sustainability in energy and environmental terms 
for all kinds of metro stations as well. 

CONCLUSIONS 

The design for retrofitting a 2.7 MW A/C system in a two-line Metro station was presented, analyzing the thermal 
loads, the restrictions from an already built metro station and its ventilation systems, the multiple disciplines involved and 
all related works to implement the project. 

An evaluation of the project benefits versus the overall inefficiency of air conditioning an open platforms station, the 
high energy operating cost and the environmental burden in terms of heat rejection in a sensitive city centre area leading to 
an unacceptable local temperature rise of +4o  C, questioned the project sustainability. 

The introduction of Platform Screen Doors (PSDs) on the station platforms, even at a concept design stage, appears 
to reduce the station A/C cooling load down to 0.95 MW (35% of the original open platforms case) and this scales down 
the A/C equipment, the capital and operating cost and brings the environmental - heat rejection- burden to manageable and 
acceptable levels also assisted by water spraying, thus limiting the local temperature rise to an estimated < 1o C at street 

level. Similar cooling load reduction is also expected for simpler one-line metro stations, in the case of PSDs installation. 
This study has led to reevaluating the whole strategy of stations A/C in the Athens Metro. Hence, when Lines 2 & 3 

will be upgraded to driverless operation with PSDs on the platforms, efforts will be made to air condition not only the 
presently analyzed station (Syntagma station) but at least 2 more central stations of the Athens Metro network especially in 
light of the slowly but steadily increasing average summer temperatures, and taking all necessary steps to ensure economies 
of scale as well as a sustainable character in energy, environmental and cost terms.  
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