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Foreword   
I.	Deligkiozi,	D.A.	Charalambopoulos	

“ENERGY	 in	 TRANSPORTATION	 (EinT2017)”	 is	 the	 second	 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	 2nd	
International	 Conference	 EinT2017	 was	 also	 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	October	21,	2017.	

“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	12	speakers	from	Greece,	Egypt	and	the	U.S.,	presented	9	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, Upgrading Solutions for Improved Energy Performance	

The	program	also	included	ten	key	note	and	invited	speakers: 	
Speaker:	 Thomas	H.	Phoenix, P.E.,		
	 ASHRAE,	Presidential	Member,	ASHRAE	Fellow,	LEED	Accredited	Professional,	USA	
Topic:	 Welcome	presentation	

Speaker:	 Dr.	Costas	A.	Balaras,		
	 Director	&	Regional	Chair,	ASHRAE	Region	XIV,	Greece	
Topic:	 Welcome	Presentation,	the	State	of	the	new	ASHRAE	Region	XIV	(Europe)	

Speaker:	 Alkis	Triantafillopoulos	
	 President,	ASHRAE	Hellenic	Chapter,	Greece	
Topic:	 Welcome	presentation,	the	State	of	the	Hellenic	Chapter	
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Speaker:	 Dimitris	A.	Charalambopoulos,	M.Sc.,	BEAP	
ASHRAE	Hellenic	Chapter	Board	Member,	ASHRAE	Region	XIV	RMCR,	ASHRAE	Members	
Council,	Greece	

Topic:	 Welcome	 Presentation,	 Introduction	 to	 the	 “Energy	 in	 Buildings”	 International	
Conferences	

Speaker:	 Nikolaos	Milis	
	 Vice	President	Technical	Chamber	of	Greece	(TEE),	Greece	
Topic:	 Welcome	 Presentation,	 the	 Co-operation	 of	 The	 Technical	 Chamber	 of	 Greece	 (TEE)	

with	the	Hellenic	Chapter	of	ASHRAE	

Speaker:	 Pariotis	Efthimios	
Assistant	Professor,	Section	of	Naval	Architecture	&	Marine	Engineering,	Hellenic	Naval	
Academy	(HNA),	Piraeus,	Greece	

Topic:	 Two	 –	 Stroke	 Marine	 Natural	 Gas	 Engines:	Concept,	 Challenges	 and	 Current	 Market	
Solutions 

Speaker:	 Theodoros	C.	Zannis 

	 Assistant	Professor,	Hellenic	Naval	Academy,	Piraeus,	Greece	
Topic:	 Marine	DeSOx	Systems:	A	State-of-the-Art	Evaluation 

Speaker:	 Dr.	Dimitris	Tsiamitros 

Electrical	&	Computer	Engineer,	Assistant	Professor	at	Western	Macedonia	University	of	
Applied	Sciences	(TEIWM)	,	Greece	

Topic:	 Intelligent	Transportation	Systems	Applications	for	energy	efficiency	and	GHG-emissions	
reduction	purposes 

	
The	 Conference	 ended	 with	 an	 open	 discussion	 on	 “Establishing ASHRAE – EUROPEAN 

Collaboration for Technological Integration & Advancement”.	

All	 the	presentations	and	videos	 from	 the	conference	are	available	on	 the	ASHRAE	Hellenic	
Chapter’s	website	(http://ashrae.gr/eint2017.php).		

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

	

	

	

Ioanna	Deligkiozi,	Ph.D.	
Chemical	Engineer	
Senior	Researcher,	CERTH	
EinT2017	Conference	General	Chair	
ASHRAE	Hellenic	Chapter	President	2016-2017	

Dimitris	A.	Charalambopoulos,	M.Sc.,	BEAP  
Mechanical	Engineer	
EinT2017	Conference	General	Chair	
ASHRAE	Hellenic	Chapter	Treasurer	2017-2018	
ASHRAE	Members	Council,	Region	XIV	RMCR	
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Comparison of Air Flow Regimes and 
Thermal Patterns in Train Cabins

Essam E Khalil, Mahmoud El-Bandrawy, Ahmed. Fahim, Taher M. AbouDeif 
Cairo University, Faculty of Engineering, Egypt 

ABSTRACT 

To reach the thermal comfort required in addition to the safety environment and 
conditions for the travelers. We must study many researches to reach the best 
thermal comfort case to can avoid any possibility of the occurrence or the spread of 
an infection inside the trains cabins such that this diseases occur due to the near 
distance between the passengers' bodies with each other in addition to the long 
distances of the travelling such as the SARS, coronavirus and other diseases can 
form inside the trains due to existence many contaminated gases like Carbon 
dioxide ,Organic volatile compounds and other gases.   The present research shows 
the effect of air flow regimes and thermal patterns in train cabins by fixed location
of air inlet at the ceiling and different locations of air outlets inside the train cabin 
and compared with each other to reach the best result of the thermal comfort. The 
present numerical investigation was done by using ANSYS FLUENT 15 CFD 
(Computational Fluid Dynamics) package. Techniques species transport as well as 
RNG k-epsilon model equations for turbulence model. Mesh sizes used in the 
present studying were about 7,000,000 mesh volumes and 1,000 iteration for each 
case 

Keywords: Thermal Comfort – air distribution systems – Cabin

INTRODUCTION

 Indoor air quality (IAQ) is one of the most important problems, Chen et al (2003) where people 
increasingly pay attention to. The current development of railway undertaking, air-conditioned train is the 
direction of development toward more thermal comfortable.  However, in some countries such as China, 
people pay more attention to the relative humidity in compartments of trains, but pay less attention toward 
IAQ; thus this leads to poor IAQ in compartments of the train. Consequently, this studying will investigate 
IAQ in train and will analyze the results in different types of compartments in the train through studying the 
temperature and velocity contours according to the different locations and dimensions of the air outlet. The 
train cabin environment has been affected by some factors that can be classified into the following: the air 
quality; the passengers' entertainment, temperature and velocity, food and seats. The requirement of 
ASHRAE for ventilation in train cabins demand approximately is 10 l/s of air per passenger, ASHRAE 
(2017). Requirements for air movement and temperature in spaces had been also prescribed in the present 

work. The recommended values of temperature ranges from 21 ̊ C to 24C while the values of air velocity 
ranges from 0.1 m/s to 0.3 m/s. The average values for a large group of occupants have been selected to be 
the base of these requirements.  

Table 1: The major pollutants in trains with air-conditions [Chen et al 2008] 

Pollutants Source of pollution 
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2

MATHEMATICAL	MODEL	

The current work focuses on air flow modelling inside train cabins as a specific application. The CFD 
modelling technique used in the present work solved the equations: 
1- Continuity equation, which can be generally formulated as:
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2- Momentum equation, which have the following forms in the 3 Cartesian x ,y and z coordinates
,neglecting buoyancy:
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3- And energy conservation equation:

( ) fr +Ñ+= Tkdiv
Dt
DP

Dt
Dh

Where, 
g Gravitational acceleration, m/s2 
h Enthalpy, kJ/kg 
r  Density, kg/m3 
u, υ, w Instantaneous velocity components in x, y, and z-directions respectively, m/s 
P Pressure, Pa 
τ Shear Stress, kg/m.s2 
k Turbulent kinetic energy, m2/s2 – Thermal conductivity coefficient, W/m oK 
In addition, standard k – ε model equations for turbulence closure were solved also; chemical species 
concentration distribution was investigated for CO2. 

NUMERICAL	MODEL	DISCRIPTION	

The model used in the present work is cabin contains 16 passengers in 4 rows of seats. The center of the 
aisle was used as a symmetry plane, no windows were modeled and all surfaces are considered smooth and 
have no slip. Figure 1 identified the seat arrangements and train cabin main dimensions. The corresponding 
passengers’ configurations are shown in figure 2 below. 

Carbon dioxide Breath of passengers  and fuel burning in dining room, 
Carbon monoxide  smoking and burning of fuel in dining room 
Floating dust Cleaning, smoking and burning of fuel in dining room. 
VOC compounds Furniture  and paint, 
Stench Body’s stench, produced by addled foodstuff  and smoking, 

[8]
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Figure 1              The Geometrical Configuration of Train Cabin 

These main cabin dimensions are also highlighted in Table 2 for train model. The locations considered for 
comparisons between previously measured data and the corresponding predictions are shown in Figure 3. 

Figure 2   The Dimensions of the Seats inside the Cabin in solid works 

Table 2:  The Cabin Dimensions for Train Model 

Figure 3        The Locations of the Predicted Points and Supply inlet

 Table 3: Locations for the predicted points as shown figure 2 

The seat height of the passengers 1.27 m 
total body surface area of each passenger 1.47 m2  = (1.27*0.52)+ 2(0.90*0.45) 
The train model with a dimension 22 100 mm (L) × 3380 mm (W)× 2400 mm (H) 
Number of passengers 100 passengers 
Number of rows. 20 rows. 
The supply air inlets locate below the luggage’s rack 
on each cabin side wall  

(22 100 mm (L) × 50 mm (W) × 2 (number 

The exhaust air outlets locate under seats  480 mm (L) × 493 mm (W) × 100 (number). 

Locations 1 2 3 4 5 6 7 8 9 

[9]
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Figure 4    Locations of the Floor Mounted Exhaust Air (under seat) within Train Cabin Model 

Table 4: Experimental Boundary Conditions in the Experimental Test.

The present comparisons were made between the numerical results obtained by (ANYSIS 15) and those 
published experimental results of Wang and Lin, 2013, for improving the geometric dimensions inside the 
cabin of CRH (China Railway High-speed) ,Wang(2013) ,train model (D285/8) to get the best thermal 
comfort; these comparisons show the predicted results of the air distribution velocity within train cabin at 
the specified locations as shown figure 3.  

Column 1 1 2 1 1 2 1 1 2 
Row F F F K K K P P P 

Height…Y(m) 1.5 0.635 0.635 1.5 0.635 0.635 1.5 0.635 0.635 
x (m) start 

from the left door 
5.525 5.525 5.525 11.05 11.05 11.05 16.575 16.575 16.575 

10.83 air supply of flow rate for each person   (l/s) 
18)oCTemperature of  supply air  (  

3900Supply air volume flow rate (m3 / h ) 
31The body temperature of passengers (oC ) 

Standard adiabaticSurfaces of the Seats and the walls 
25C)oThe temperature inside train set at  (
30C)oFluorescent lamp surface temperature (

[10]
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Figure 5      Comparisons between the Experimental Results and Present Predictions of Air Distribution 
Velocity Inside the Train Cabin at Specified Locations Indicated in Figure 4. 

The main cabin dimensions are highlighted in Table 2 for train model. The locations considered for 
comparisons between previously measured data and the corresponding predictions are shown in Figure 3. 
The obtained predictions were in good agreement with the corresponding conditions. 

RES

ULT

S	

AND	

DISS

CUSI

ON	

The 
prese
nt 
secti
on 

describes the different case configurations and results show effect of air flow regimes and thermal pattern in 
trains’ cabins through changing locations of outlet air as shown in the following temperature and velocity 
contours.  

Case 1

Boundary Conditions For CASE 1 

Inlet velocity ( m/s) 0.3 
air supply of flow rate for each person   (l/s) 10
  Temperature of  supply air  (ᵒC) 8 
The body temperature of passengers (℃ ) 31 
Surfaces of the Seats and the walls Standard adiabatic 

The temperature inside train set at  (ᵒC) 25 
Fluorescent lamp surface temperature (ᵒC) 30 
The turbulence model RNG (k-epsilon) RNG (k-epsilon) 

Dimensions of supply at ceiling 0.12 * 2.72 (m) 
Dimensions of outlet down along wall 0.12 * 2.72 (m) 
Cabin Dimensions 2.72(L)*2.526(W)*2.68(H) m 
Aisle Dimension 0.42 m 
Total Surface Area For Each Person  (0.471*1.25)+2(0.4*0.8)=1.22 m" 

[11]



EinB2017 – 6th International Conference “ENERGY in BUILDINGS 2017”

Figure 8     Inlets & Outlets of Case 1 

Temperature Contour
It’s clear in this case that inlet temperature is 18C and locate at the ceiling  as shown in temperature contour   
such that: 
• In the first row, the temperature of the upper part of the passenger’s body beside aisle reaches 22 C on

the other hand, the temperature of the passenger’s body beside wall reaches 25 to 27 C and the
temperature of the lower part of the passenger’s body reaches 19 to 20 C

• In the second row, the temperature of the upper part of the passenger’s body beside the aisle reaches
22C on the other hand, the temperature of the passenger’s body beside wall reaches 24 to 27C and the
temperature of the lower part of the passenger’s body reaches 19 C

Row 1  Row 2 

Row 3                                                                                Row 4 
Figure 9     Temperature Contour for rows 1, 2, 3 and 4 of case 1

In the third row, the temperature of the upper part of the passenger’s body beside aisle reaches 22C on the 
other hand, the temperature of the passenger’s body beside wall reaches 24C and the temperature of the 
lower part of the passenger’s body reaches 20  C. In the fourth row, the temperature of the upper part of 
the passenger’s body beside aisle reaches 23C on the other hand, the temperature of the passenger’s body 
beside wall reaches 24 to 26C and the temperature of the lower part of the passenger’s body reaches 20 C 

[12]
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The range of temperature from 19 to27 C .we can say that this case is not comfortable such that there is rise 
in the temperature to 27C in addition to thermal shock due to increasing the temperature difference 
between upper and lower part of the passenger’s body to 5C 

Velocity Contour

It’s clear in this case that the position of air inlet is in the ceiling and outlet in the down along the wall in 
addition to the same the dimensions such that area of air inlet similar to the area of air outlet as shown in 
velocity contour such that: 
In the first row, the velocity  of the upper part of the passenger’s body beside aisle reaches 0 to 0.03 m/s on 
the other hand, the velocity of the passenger’s body beside wall reaches 0 m/s and the velocity of the lower 
part of the passenger’s body reaches 0 to 0.23 m/s .In the second row, the velocity of the upper part of the 
passenger’s body beside the aisle reaches 0 to 0.11 m/s on the other hand, the velocity of the passenger’s 
body beside wall reaches 0 to 0.03 m/s and the velocity of the lower part of the passenger’s body reaches 0 
to 0.15 m/s. In the third row, the velocity of the upper part of the passenger’s body beside aisle reaches 0.05 
m/s on the other hand, the velocity of the passenger’s body beside wall reaches 0.08 and the velocity of the 
lower part of the passenger’s body reaches 0.11 to 0.16 m/s. In the fourth row, the velocity of the upper 
part the passenger’s body beside aisle reaches 0.09 m/s on the other hand, the velocity of the passenger’s 
body beside wall reaches 0 to 0.06 m/s and the velocity of the lower part of the passenger’s body reaches 
0.13 to 0.2 m/s. The range of velocity is from 0 to 0.23 m/s .one can say that this case is not yielding 
comfort as there is low mixing air rate in all the rows where high suction rate due to reduction of the area 

between the seats and the wall 

Row 1  Row 2 

Row 3       Row 4 
Contour for Rows 1, 2, Figure 10            Velocity 

3 and 4 of Case 1 
Case 2
. 

[13]
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Figure 11         The Inlets & Outlets of Case2. 

 Temperature Contours

It’s clear in this case that inlet temperature is 18C and locate at the ceiling as shown in temperature contour 
such that; In the first row, the temperature of the upper part of the passenger’s body beside aisle reaches 22 
C on the other hand, the temperature of the passenger’s body beside wall reaches 23 C and the temperature 
of the lower part of the passenger’s body reaches 19 to 20 C. In the second row, the temperature of the 
upper part of the passenger’s body beside the aisle reaches 23C on the other hand, the temperature of the 
passenger’s body beside wall reaches 24 C and the temperature of the lower part of the passenger’s body 
reaches 20 to 21 C. In the third row, the temperature of the upper part of the passenger’s body beside the 
aisle reaches 23 on the other hand, the temperature of the passenger’s body beside wall reaches 24C and the 
temperature of the lower part of the passenger’s body reaches 20 C. 

Table 6: Boundary conditions for Case 2 

Boundary Conditions  For CASE 2 
Inlet velocity ( m/s) 0.3 
air supply of flow rate for each person   (l/s) 10
  Temperature of  supply air  (oC) 18 
The body temperature of passengers (oC ) 31 
Surfaces of the Seats and the walls Standard adiabatic 
The temperature inside train set at  (oC) 25 
Fluorescent lamp surface temperature (oC) 30 
The turbulence model RNG (k-epsilon) RNG (k-epsilon) 
Dimensions of supply at ceiling 0.12 * 2.72 (m) 
Dimensions of outlet From the door 0.65*1.95 m 
Cabin Dimensions 2.72(L)*2.526(W)*2.68(H) m 
Aisle Dimension 0.42 m 

[14]
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In the fourth row, the temperature of the upper part of the passenger’s body beside aisle reaches 23C on the 
other hand, the temperature of the passenger’s body beside wall reaches 22 to 23 and the temperature of the 
lower part of the passenger’s body reaches 20 to 21 oC The range of temperature from 19 to24 C .one can 
say that this case is more comfortable than case 1 as there is rise in the temperature between the passenger’s 
bodies due to narrow the distance between each other. 

Row 1 Row 2 

Row 3                                                                                Row 4 
Figure 12     Temperature Contour for Rows 1, 2, 3 and 4 of Case 2

Velocity Contour 

It’s clear in this case that the position of air inlet in the ceiling and outlet from the door in addition to 
difference in the dimensions such that area of air outlet larger than the area of air inlet as shown in velocity 
contour such that: 
In the first row, the velocity  of the upper part of the passenger’s body beside aisle reaches 0.11 m/s on the 
other hand, the velocity of the passenger’s body beside wall reaches 0 to 0.11 m/s and the velocity of the 
lower part of the passenger’s body reaches 0.06 to 0.12 m/s .In the second row, the velocity of the upper 
part of the passenger’s body beside the aisle reaches 0.07 m/s on the other hand, the velocity of the 
passenger’s body beside wall reaches 0.04 m/s and the velocity of the lower part of the passenger’s body 
reaches 0.06 to 0.11 m/s.In the third row, the velocity of the upper part of the passenger’s body beside aisle 
reaches 0.07 m/s on the other hand, the velocity of the passenger’s body beside wall reaches 0.06 to 0.09 
and the velocity of the lower part of the passenger’s body reaches 0.03 to 0.07 m/s.In the fourth row, the 
velocity of the upper part the passenger’s body beside aisle reaches 0.11 m/s on the other hand, the velocity 
of the passenger’s body beside wall reaches 0 to 0.04m/s and the velocity of the lower part of the 
passenger’s body reaches 0.06 to 0.09 m/s 

Total Surface Area For Each Person (0.471*1.25)+2(0.4*0.8)=1.22 m" 
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Row 1  Row 2 

Row 3       Row 4
Figure 13    Velocity Contour for Rows 1, 2, 3 and 4 of Case 2 

Conclusions 
From the above results one can conclude that for case 1; the range of velocity varies from 0 to 0.23 m/s 
.one can detect that this case does not present comfortable conditions as there is slow mixing air rate in all 
the rows where high extract rate is observed due to the reduction of the area between the seats and the wall. 
The corresponding range of temperature varies from 19 to27 C .Once again that does not provide adequate 
conditions for thermal comfort as there is rise in the temperature to 27C in addition to thermal shock due to 
increasing the temperature difference between upper and lower part of the passenger’s body to 5C. 

For case (2):It’s clear in this case that the position of air inlet is in the ceiling and outlet from the door in 
addition to difference in the dimensions such that area of air outlet larger than the area of air inlet as shown 
in figure 11 provided better comfort as follows: 

1. The range of velocity from 0 to 0.12 m/s .we can say that this case is rather comfortable such that there
is low mixing air rate in the first row due to closeness to air outlet where high suction rate and more far
distance from door more increasing mixing air rate and decreasing the suction rate

2. The range of temperature from 19 to24 C .one can say that this case is rather comfortable  Because
there is rise in the temperature between the passenger’s bodies due to narrow the distance between each
other (this factor affect rising the temperature between the passenger’s bodies in this case only because
the air outlet is located at the plane parallel to the plane of passenger’s bodies and consequently, the
direction of flow is perpendicular on the plane of the passenger’s bodies)

3. Generally case 2 presented much better comfort than case 1according to the positions of air outlet.
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ABSTRACT 

The target of this paper is to investigate the employment of advanced and eco-friendly modern propulsion solutions in the cruising yacht 

industry, in order to achieve low emissions and carbon footprint, access to environmentally restricted marine zones, increased comfort levels for the 

guests as a result to silent and electric propulsion, as well as the interaction of all these design requirements with the need to provide a fresh, 

contemporary and harmonious exterior and interior design language in conjunction with efficient and functional space planning. After thorough 

research of various hull geometries and their characteristics and new and alternative propulsion combinations, we settled into the concept of a hybrid 

power catamaran. Regarding the multihull geometry, we chose a catamaran because of the particular benefits that this geometry presents on the 

subjects of stability, low draft, minimal wetted surface and consequently lower drag and better maneuverability. Concerning the hybrid propulsion 

system, we designed it around four diesel gensets that provide electric energy to two Voith Inline Propulsors, one under each hull, that provide 

propulsion and steering. Complementing this setup, we decided to use a number of batteries in order to be able to store energy either from the 

gensets or from shore power and use it for silent electric propulsion in particular occasions for example leaving or entering port or through pristine 

marine environments. Further energy can be accumulated from the solar panels designed into the sundeck, while the dedicated sky sail can be used 

in certain wind conditions to reduce further the energy consumption of the yacht, and the whole energy and propulsion system is to be controlled 

through an advanced Automation and Power Management System. Both the hull geometries and the propulsion units and solutions were then 

introduced into the design of a prototype yacht designed to host 12 guests and 8 crew and perform Mediterranean and Caribbean cruises. Both the 

passenger requirements, the environment designed to perform into and the above mentioned propulsion system were used as guidelines in order to 

produce a 49 m yacht that is luxurious to travel and reside for the guests, efficient to work into for the crew, highly energy efficient and with a 

number of intelligent spatial, functional and ambient characteristics.  

INTRODUCTION 

The subject of this paper is the research on the implementation of advanced energy production and management 

systems, hull solutions and general design parameters in the environment of pleasure yachts throughout the design process 

in order to create such a project. Our aim is to improve on the performance margins usually found on this type of vessels, 

as well as enhance the luxury aspect that is predominant among the required factors for such designs, both in the way of 

better and harmonious organization and utilization of the afore mentioned advanced energy solutions, as well as in 

enhancing the tangible luxury feel in the interior and exterior design studies. We therefore begin with the definition of one 

of the fundamental aspects of the design, the size of the vessel, and afterwards we proceed with the research on various 

typologies of hulls, in order to find the best solution according to the needs of the project. Subsequently, we research upon 

innovative propulsion systems and philosophies, in order to define the basic energy characteristics of the yacht, setting as 

well the navigation environment characteristics. The next necessary step is the selection of a base design for the hull, as the 

aim of the paper is not to design a brand new yacht from the ground up, but to investigate on the use and possible 

combinations of technologies and design solutions already available. Following this, we proceed to the analytical study of 

the propulsion system, defining on the beginning its general characteristics and philosophy, and afterwards the various parts 
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that it comprises of. Having defined the propulsion system, we then perform a design study on how it is employed in the 

design of the yacht, underlining the particular advantages that it brings in the functional and spatial organization of the 

vessel. We finally conclude this paper with a comprehensive interior and exterior design study for the project, employing 

the above-mentioned engineering solutions and combining them with a contemporary design and space organization of the 

living quarters of the yacht. 

VESSEL SIZE AND HULL TYPOLOGY DEFINITION 

Because of the fact that the size of any vessel is one of the fundamental characteristics of a naval or nautical project, 

we commence on the study defining the size of the vessel. First, we decided to retain the maximum passenger count to 12 

persons, in order to evade the upgrading of the vessel from the pleasure craft category to the passenger vessel one 

according to the major classification societies. Following this step, we defined the maximum length of the vessel as 50 m or 

165 ft, as according to us this size of yachts strikes the optimum balance between compact dimensions, manoeuvrability, 

access to port infrastructure and available space. A greater size of yacht would however have given us more options and 

more liberty regarding the design of the vessel and the engineering and energy solutions available, but we choose to 

embrace the added challenge of working with a project with definite size and spatial characteristics. 

Hull Design 

The following step is the definition of the hull typology to be used for the project. In order to achieve the desired 

results regarding the efficiency and energy consumption we consider the choice of hull as one of the most important factors 

for the project, and for this reason, we investigate all three displacement hull typologies that exist in the timing of the 

composition of this paper, namely monohull, catamaran and trimaran. The reason we do not embark on the research on 

innovative or experimental hull typologies is that, as defined in the objectives of the project, we intend to investigate on the 

application of advanced energy management solutions in familiar, already producible designs. 

After the research on the relative advantages and disadvantages of the three hull typologies in question, we settle in 

the use of the catamaran type of hull, for a number of reasons. Firstly, the catamaran hull offers, relative to monohull types, 

increased stability, through the increased righting arm present on these hulls during rolling motion, a feature we believe can 

be beneficial to the quality of comfort and services enjoyed by the guests. Secondly, the catamaran hulls generally feature 

less draft than the similarly sized monohulls, generating therefore less drag, which in turn leads to lower consumption. 

Finally, the increased beam of the catamaran hull allows to the placement of the propulsors in greater distance from each 

other, helping this way achieve better maneuverability through greater momentum arm. We have to point out that the 

above advantages are valid for the trimaran hull as well, but the fact that the side pontoons on this typology usually house 

little to no living spaces and with the combination of a central hull narrower than an equivalent monohull, let alone a 

catamaran vessel, leads us to conclude that the most favorable hull typology for our project is the catamaran. Furthermore, 

the increased challenges that a catamaran hull presents regarding the space and functions organization acts as an additional 

drive to resolve the energy use and functions problems on the project. 

Hull base selection 

According to the hull typology and size definition, we then proceed to select the hull on which we are going to 

develop the project. The reason that we are taking an already existing design as the base for the vessel is that, in accordance 

to our stance regarding revolutionary or yet experimental engineering and energy solutions, the scope of this project is to 

research upon the results that the combination of advanced energy and design solutions can have on the efficiency of the 

modern yacht. Furthermore, the focus on those aspects allows us to better delve into the energy management and the 

design of it into a modern luxury yacht. 

Regarding the actual hull we select, we decide to stick with power catamaran yacht hulls, and not utilize a commercial 
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vessel hull, as we believe the yacht hulls are already designed to respond to certain sea tenure and aesthetic parameters, both 

important for this type of vessels. Despite the relative rarity of existing catamaran yachts on the 50 m size range, we manage 

then to settle into the project hull (see fig. 1), made of composites, which features apart from the required close to 50 m 

length, a 13.5 m maximum beam overall, a 3.5 m maximum beam for the two hulls and a draft of 1.5 m. Some of the 

particular characteristics of the selected hull are the pointy design towards the bow, leading to quite narrow hull sections 

towards this part of the vessel but particularly low form resistance, box – shaped section at maximum beam with vertical 

side surfaces, maximizing the internal volume, and flat shaped stern, allowing the installation of a variety of propulsor types. 

 

Figure 1 Hull water lines. 

PROPULSION SYSTEM 

After defining the principal characteristics and requirements for the project, and according to the objectives set at the 

beginning of the design process, we then continue with the definition both of the general philosophy and structure of the 

propulsion system to be utilized on the yacht, as well as of the mechanical and functional characteristics of all the aspects 

that comprise it.  

Regarding the first part, we first set the targets for the performance of the project. Firstly, we regard the increased 

efficiency as one of the most important aspects of a modern yacht, in the form of lower specific fossil fuel consumption as 

a result of careful hull design and machinery choices. Secondly, we extend the notion of efficiency in to conclude the use 

and effective management of the electric energy both for propulsion as well as in the form of stored energy that can be 

available during particular parts of the yacht’s navigation, for example during mooring, reducing the stress on the internal 

combustion units, or during passages through sensitive and protected natural environments, using the silent and pollution 

free properties of this mode of propulsion, further enhancing the necessary luxury feel for the guests of such a vessel. 

Finally, we include in the equation the use of renewable sources of energy, such as solar or wind energy, in order to further 

lower the environmental footprint of the vessel. 

We therefore design the hybrid propulsion system of the project (see fig. 2) around diesel gensets that provide electric 

energy to two propulsors, one under each hull, that provide propulsion and steering. Complementing this setup, we use a 

number of batteries in order to be able to store energy either from the gensets or from shore power, and we also include in 

the design the use of solar panel surfaces that take advantage of the ample sunshine available in the Mediterranean and 

Caribbean seas that the yacht is designed to operate. Furthermore, we take into account the use of a SkySail that in cases of 

downwind routes can prove a very effective instrument to either reduce consumption or increase the cruising speed. 
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Figure 2 Propulsion system scheme. 

Cruising speed and required power definition 

Following the definition of the general design and operating philosophy of the propulsion system of the project, we 

proceed to outline the required operational parameters of the yacht, namely her cruising and maximum speed and 

autonomy both under engine and battery power.  

Regarding the first aspect, the operating speed of the vessel, and taking into account both the intended use and 

character as a contemporary luxury cruising yacht and the characteristics of the hull design, we decided on a cruising speed 

of 14 kn, a maximum one of 18 kn and the speed under battery power of 8 kn. Following this step, we then proceed to 

calculate the resistance curve of the vessel hulls (see fig. 3) containing the speeds mentioned above, through which we then 

obtain the required power outputs for every speed number.  

 

Figure 3 Speed – hull resisance diagram. 
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Considering the second aspect, the autonomy of the vessel both under engine and battery power, we proceed to 

determine the range on fossil fuels as 6000 nautical miles, enough to provide transport of the yacht between the two 

principal theatres of operation without refueling, the Mediterranean and the Caribbean, and operation there, obtained with 

her cruising speed of 14 knots. For the battery powered navigation, we consider a nominal range of 40 nautical miles, which 

equates to 5 hours in 8 knots, as ample enough to provide navigation either through pristine marine environments or for 

maneuvering in port (see fig. 5). 

Internal combustion engines - Generators 

Following the determination of the required power outputs for the internal combustion engines, we then define their 

type, model and number. According to the speed – resistance curve, we understand that the required power output at 

maximum speed is 97,1 kN or 900 kW, while the one under cruising speed is 43,8 kN or 315 kW respectively. After the 

appropriate market research, we settle on a set of 4 Diesel Generator Sets capable of 280 kW of continuous output each. In 

this format, 2 of the generators are to be used during navigation in cruising speed (available maximum output 560 kW), all 4 

of the generators are to be used in case of maximum speed navigation, while one of the generators is to be used anytime as 

electricity provider for the hotel services or the charging of the batteries (see fig. 4). 

Before deciding on using 4 medium – sized gensets we examine the advantages, disadvantages and characteristics of 

using instead 2 bigger ones with the same output, or a combination of 2 bigger and 2 smaller generators. However, the 

advantages of better reliability through the use of 4 instead of 2 power generators, the advantages in maintenance and parts 

requirements through installing 4 identical mechanical units, the better weight distribution and the reduced external 

dimensions were the factors that guided us to the selected configuration. Regarding the last factor, the weight distribution 

and reduced dimensions were important aspects of the design, especially as on the one hand we are featuring a somewhat 

narrow hull typology, requiring therefore careful space calculations in order to enable 360-degree access to the gensets for 

maintenance, and on the other hand requiring the use of modular soundproof casings for the gensets that add to their 

dimensions in order to reduce the noise levels on the vessel, important for a luxury characteristics that a yacht must have. 

 

 

Figure 4 Gensets performance. 

Propulsors 

Regarding the propulsors units, the electrical instead of mechanical energy output of the generator sets enables us to 

select between advanced power-to-thrust systems, with the added advantage of being able to be powered as well with 

battery power. We therefore select the Rim-Driven Thruster typology, because of this technology’s relative advantages. 

First, they provide increased maneuverability through the ability to rotate 360 degrees and provide propulsion, enabling as 

well the installation and use of dynamic positioning systems. Secondly, they feature only one moving part, the rotor, which 

then houses the propeller blades, reducing both the mechanical complexity of the system and therefore possible points of 

failure, and the space requirements regarding further mechanical components such as shafts and gearboxes. Thirdly, this 

relative simplicity of the design enables relatively simple integration in any propulsion application, while the specific 

characteristics of the propeller blades, namely the absence of tip gaps through the mounting to the rotor ring, together with 

the absence of gearbox requirements enables minimal noise emissions, further augmenting the luxury characteristics of the 

vessel. As for the relationship between the thrusters and the hull form, the afore-mentioned flat stern shape allows both for 

relatively simple installation of the thrusters on the aft part of the stern plane, as well as uninterrupted water flow to the 

thrusters, maximizing their efficiency and performance. However, because of the fact that the thrusters feature a 

considerable diameter dimension, resulting to their lower part descending lower that the construction line of the yacht, a 
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pair of longitudinal fins are added to the hull design, bringing the total draft of the vessel at 2.15 m, protecting as far as 

possible the thrusters from damage in case of grounding and increasing the directional stability of the vessel. 

Electric energy storage and propulsion 

An integral part of any hybrid propulsion system, the storage of the surplus electric energy either produced by the 

gensets or the offshore power supply is guaranteed by the installation of 33 Lithium – Polymer battery modules specially 

designed for marine applications, 25 of which provide energy for the autonomous electric – only propulsion (262,5 kWh 

available) while the rest take care of the hotel services of the yacht (84 kWh available) (see fig. 5). 

 

 

Figure 5 Speed - Power table in normal and electric mode propulsion. 

Solar panels 

Apart from the fossil fuel energy and the one received during anchorage by the offshore power supply, we add in the 

energy equation the placement of an ample surface of solar panels, located on the sun deck, which provide with electric 

energy that can then be stored in the batteries of the vessel, reducing the need to run the gensets as electrical power 

generators while moored or in port. The surface occupied by the solar panels in the final exterior study amounts to 164,4 

m2, that can produce up to 160 kWh of electrical power daily. 

SkySail 

In order to further reduce the consumption during cruising through taking into advantage the available wind power, 

we implement in the design the Skysail system, originally developed for commercial vessels. It consists of a towing kite with 

rope, a launch and recovery system, and a control system for automated operation, incorporated into the general 

navigational systems of the vessel. The towing kite, once launched, performs regular dynamic flight maneuvers in the air in 

front of the vessel to provide propulsion. This tractive force is transmitted to the ship through a towing rope made of high-

strength synthetic fiber. A specialized cable integrated within this rope ensures the supply of power to the control pod and 

the communication with the control system on the vessel. 

PROPULSION SYSTEM COMPOSITION AND LOWER DECK STUDY 

The next step for the project, after the definition of the propulsion system and its specific parts, is the placement of it 

into the design so as to both serve the functions and the performance of the yacht in the best possible way, as well as to 

create spatial and functional solutions that respond to design and architectural requirements. 

Regarding the general positioning of all the mechanical parts of the yacht, we decide to employ them only in the lower 

decks, the ones in the hulls, in order to leave the main and upper decks free to be used as accommodation and services 

spaces. In the lower decks, we design the floor level at 0.3 m above the waterline and 1.8 m above the keel in order both to 

raise the deck above the waterline, so as to better protect in against water ingress in case of hull leeks under the waterline, 

and to allow the use of part of the deck as garage quarters for the necessary tender and water toys for the guests, as well as 

to provide with space under the deck for the necessary electrical wiring and  fuel, fresh water, black water and trimming 

tanks, all of them symmetrically placed in both hulls. The fuel tanks are measured according to the nominal consumption of 
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the two gensets employed in the cruising speed mode of 114 l/h. Taking into account a required range of 6000 n.m., ample 

enough to provide for a transatlantic pass between the Mediterranean and Caribbean, the required fuel tank volume is 

determined as 49000 liters (see fig. 4).  

 

 Figure 6 Propulsion system composition - Lower decks plan and longitudinal section. 

 

On the lower deck, we divide the 4 gensets into 2 engine rooms, with the one placed on the mid-aft part of the deck, 

and the second one placed as far fore as possible, to provide 360 degree access to the gensets. This configuration (see fig. 6) 

has also beneficial effects on the weight distribution of the vessel, the gensets being the heaviest mechanical components. 

Between them, we place on the central part of the deck the crew cabins, that consist of a set of 2 full beam ones aft, capable 

of housing 6 crew, and set of 2 more narrow fore, capable of housing 4, because of the side corridors, necessary for the 

movement on the deck. In front of the fore engine room, we place the technical room containing the batteries, placed in 

line, because of the limited beam available on this part of the hull. This quarter is accessed via two dedicated hatches on the 

main deck and appropriate ladders, something allowed by the low maintenance characteristics of the battery packs. Finally, 

another technical space is found fore of the battery room and aft of the collision bulkhead, reserved for the bow thrusters 

motors, while the  

On the aft end, on the other hand, we design the double garages, which featuring the full internal beam of 3 m and a 

length of 9 m can host an up to 25 ft tender as well as a relatively large number of jet skis and other watersports equipment 

for the guests. Access to the garages is guaranteed both from inside the lower deck, as well as from dedicated hatches on 

the stern staircases. The garage doors, on the other hand, open towards the outer sides of the yacht by lowering to just 

above the waterline, creating this way two platforms to launch and embark on the tender and water toys. On the inner side, 

on the other hand, the one between the two hulls of the catamaran, we design the garage doors to open parallel to the hull 

sides, as a similar to the outer sides’ solution was not possible because of limited space to rotate the garage doors. This 

configuration, however, gives the crew the possibility to launch the tender and water toys from between the hulls, allowing 

therefore both the employment of these assets while moored in port side by side with other vessels, as well as protecting 

the passengers and the assets from extreme weather conditions. 

MAIN AND UPPER DECKS STUDY 

Moving up we encounter the main and upper decks, that after having focused the crew and mechanical functions on 
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the lower decks, are free to host the accommodation, living and recreation quarters of the yacht. Between these two decks, 

the main is defined as the deck featuring the public uses and functions of the yacht, while the upper hosts the guest cabins, 

the captain’s one and the navigation bridge. As mentioned in the propulsion chapter of the paper, the sun deck is devoid of 

any passenger uses and houses the solar panels and the mast hosting the navigation equipment. 

Regarding the main deck, on the aft part we design an ample full beam open terrace, hosting amongst other features a 

pool reaching to 1.8 m depth, an open bar and couches and chez longs. On the sides of the superstructure, we design 

passages allowing both the access to the commodious open terrace space in the bow as well as the ability for the guests to 

interact with the natural elements. In the interior, the main part of the Main Deck is occupied by the unified, full beam 

open living space on the aft part of the deck, that features the two comfortable lounges on the sides, a cinema lounge on 

the mid-port side, a fully equipped bar on the opposite side and the dining quarter on the center. We would like to note that 

we choose the loft-like open-plan organization of this space, in order to take into advantage the inherent beamy 

characteristics of catamarans, in order to produce a refreshing and unconventional living space that is designed to be the 

beating heat of the yacht. In the center of the deck, we group all the services and galley spaces into a central volume, in 

order to better arrange the functional relationships and movements both between them as well as with the lowed deck 

below. Finally, on the fore part we find the relax zone of the yacht, accessed by twin side corridors that pass on the sides of 

the central volume and conveniently positioned on the opposite part of the busy living space, featuring a sauna, a 

photocromatic shower, a jacuzzi and a gym corner. All of the sides of the deck feature almost full height glazing, allowing 

both the interior spaces to bathe in natural light as well as uninterrupted ocean views. 

 

 

Figure 7 Interior render samples. 

 

Access to the upper deck is guaranteed for the guests via a linear open staircase in the center of the living space, 

whereas a smaller closed spiral staircase is positioned in accordance with both the central services quarter and the upper 

deck corridor. On the aft part of the upper deck we design the full beam owner’s cabin, complete with working station, 

relax corner and double bathrooms with wardrobes, while having as well full height glazing and direct access to the private 

aft balcony on this deck. Heading fore, and on the sides of the central corridor that forms the movement spine of this deck 

we design the 5 double guest cabins that feature as well full height glazing and balcony spaces on the wrap-around outside 

passage present on this deck as well. Finally, on the fore part of the deck, we design the navigation bridge allowing for the 

necessary uninterrupted view for the captain and the commanding officers of the yacht. 

EXTERIOR DESIGN STUDY 

On the exterior, we undertake a specific plastic approach to the yacht surfaces and we attempt to replicate the relaxed 

luxury character featured as well in the interiors, which result in a linear almost universally horizontal stylistic approach that 
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is interrupted only by the, as seen from the sides, Y shaped form shaping both the side supports for the walk-around 

exterior deck as well as the aft part of the upper deck and the masts. The main volume of the two hulls at the bow turns 

upwards and returns towards the stern until it finds the before mentioned form, while the sundeck structure is formed by a 

silver-colored ring element that runs around all of the deck, that then contains in the recessed central part a darker-colored 

part, incorporating both the solar panels as well as the tinted glass ceilings on the central upper corridor. We also use the 

pools, usually having rectangular volume characteristics, as autonomous forms that interact with the surface-like forms of 

the decks, featuring as well infinity glass edged on the stern. In general, we have a tree-tone approach to the design, spotting 

lighter, off white hues on the majority of the exterior that contrast beautifully with the darker grey hued parts, while the 

superstructures are formed of glass and glass-replicating materials, always recessed against the lighter toned elements. In 

order to incorporate better the crew cabin potholes, and create an interesting and fitting to the rest of the design effect, we 

apply a pattern of constantly changing circular forms. Another feature that we consider very important both for the design 

of the project as well as in general for the exterior design of yachts, is the use of direct and indirect illumination in  order to 

create additional visual effects in the dark. In our case, we feature linear LED illumination in order to enhance the principal 

aesthetic features of the exterior design of the yacht, such as the prominent side line that turns around the sterns and heads 

between the two decks, and the circular pattern on the sides of the lower deck. We also use indirect recessed lighting on the 

outside decks in order to create a pleasing visual effect for the guests of the yacht. Finally, the exterior decks of the yacht 

feature all around teak, as has come to be considered as standard for this type of vessels. 

 

 

Figure 8 Exterior render samples. 

CONCLUSION 

The aim of this paper was to produce a complete study for the incorporation of advanced energy management and 

efficiency solutions into the ambient of a contemporary 50-meter luxury yacht. We chose to focus on the research upon the 

combinations and results of those combinations of already existent but advanced energy solutions throughout the design of 

a prototype hybrid propulsion system, and then incorporate it in a challenging hull typology and a thoroughly modern 

design of a yacht. We believe the resulting project sets a useful example on how the yacht industry can respond to both 

engineering, environmental and luxury questions to be set in the future, creating on the way a genuinely better product for 

guests, crew, owners and environment alike. 

NOMENCLATURE 

m  =  meters 

m2  =  square meters 
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ft =  feet 

kN =  kilonewton 

kW =  kilowatt 

kWh =  kilowatt-hours 

l/h =  liters per hour 

n.m. =  nautical miles 
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ABSTRACT 

Ports are, by nature, energy intensive facilities, thus are also associated with elevated environmental footprint. For this reason, the European 
Union has introduced a number of conventions, regulations and guidelines to reduce their total greenhouse gas (GHG) emissions and promote 
sustainable operation and expansion practices. Port environmental footprint depends on several factors including size, type of activity, traffic volume 
as well as their geographic location. Motivated by the recent global financial crisis, the volatile prices of conventional fossil fuels and the need to 
reduce GHG emissions, research has been focused towards “green” or sustainable ports. In green ports the three pillars of sustainability, namely 
economic, environmental and social, are combined and therefore social and financial development is achieved with minimal environmental impact. 
In this sense, a balance between environmental impacts and financial gain is maintained. Therefore, reducing the environmental impacts of port 
facilities has been brought forward by policy and decision makers, with the efficient and sustainable management of their energy needs being a key 
component towards this end. Nonetheless, developing a framework for sustainable port activities and environmental protection is challenging. Up to 
now, a small number of ports internationally have achieved to sustainably manage their energy needs and reduce their overall environmental 
footprint, which is not the norm in Greece. Middle and small size ports in Greece face many common problems, but no steps have been taken to 
improve energy safety and efficiency and reduce GHG emissions. This work comprehensively examines routes for implementing sustainable energy 
management in port facilities, using environmental management systems (EMS). 

Keywords:  Port sustainable management, renewable energy, green ports, environmental management system. 

ABBREVIATIONS-LIST OF ACRONYMS 

GHG Greenhouse gas 
RES Renewable energy sources  
ESPO The European Sea Ports Organization 
EU European union 
EMS environmental management system 
PERS Port Environmental Review System 
SDM Self Diagnosis Method 
EMAS Eco Management and Audit Scheme 
TEU Twenty-foot equivalent 

[29]



 
EinT2016 - 2rd International Conference “ENERGY in TRANSPORTATION 2017”		

	

INTRODUCTION 
Ports are places where many sectors, such as shipping, trucking, passenger transport, are active, which in turn can yield 

many positive effects on the social and economic spheres of an area (Dwarakish et al., 2015). Nonetheless, the ever-

increasing demand for maritime transport has caused chain reactions in port operation around the world. The main features 

of these changes are the growth trend and the continued development of ports to respond to the new global trade 

(Valentine, 2013). Thus, globally, large ports, which are trying to meet modern needs, have adopted management standards 

that go beyond the national level and seek to keep up with standards set by European or other international organisations 

and countries (Goulielmos, 2000). Moreover, in large ports growth and jobs are created and as a result the local, national 

and international cycle of jobs is, indirectly and directly, related to them (social sustainability). Nonetheless, due to their size 

and nature they also cause many and complex environmental issues. Solving these issues has sparked international interest 

in recent years. Solutions focus on creating “green” or sustainable harbours/ports, which are considered an innovative 

practice that has been applied in many ports around the world. Moreover, the need for regulating ecological issues and 

environmental challenges at international level, as well as intense public concern, have further encouraged port 

organizations to adopt sustainable operation practices (Alvarez, 2005). Therefore, the development of a comprehensive 

strategy to address the new challenges, as well as the potential for rationalization, correction and improvement of port 

management systems has attract a lot of attention recently. For example, air and water pollution in ports is widely 

recognized as a major political issue and therefore policy on these issues from the shipping industry has begun to evolve; 

nonetheless, there is an urgent need to introduce improved and new effective regulations at European, national and 

international level (Viana et al., 2014). While trying to improve the quality of life, the European Union has taken several 

steps, over the past few years, to this direction. One of its objectives is that by 2020 20% of the power produced must be 

provided from renewable energy sources (RES), in order to reduce environmental pollution (Scarlat,  et al., 2015).   

 
LEGISLATION 
European legislation is becoming increasingly rigorous in terms of marine environment protection and, in particular, the 

disposal of waste water, dangerous substances, coastal zone protection, handling of incidents of sea pollution by oil and 

hazardous substances and reception of waste and residual ships, as to timely implement the EU Directive 2008/98/EC 

(Svaetichin et al., 2017). These frameworks are reviewed or supplemented in accordance with the data that are continually 

produced and address the varying environmental impacts on air, seawater, surface and groundwater, marine organisms, soil 

and sediment, and the terrestrial flora and fauna (Roh et al., 2016).  The EU has set specific targets and has announced 

policies to increase the security of energy supply and reduce greenhouse gas (GHG) emissions, as it is becoming 

increasingly rigorous in terms of protecting the marine environment.  For all the above reasons, the EU also recognizes the 

importance of ports in promoting intermodal transport and the need to protect the environment and has been 

systematically addressing the issue, as is shown by the various initiatives to protect the environment from shipping activities. 

The European Commission's intention is to provide a comprehensive, integrated and effective response in order to ensure 

and further enhance the competitiveness and development of ports, the capacity and efficiency of the transport network, 

healthy and fair competition, the attractiveness of maritime and combined transport, the provision of high-level port 
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services and the protection of workers (Goulielmos, 2000).  As a response to optimizing health conditions, green 

ports/harbours are considered to be an innovation nowadays (Roh et al., 2016), even though there is no clear and 

comprehensive definition of what they really are. The basic philosophy lies to green growth, which is believed to be the 

driving force for economic development. As environmental problems grow along with port growth, environmental policy 

and management tend to become an integral part of their overall management, adopting standards that have been 

embedded in national and international environmental laws and regulations (Pallis et al., 2011). Green ports/harbours are 

the modern international and European proposal in this direction by adopting practices for managing indicators such as air 

quality, marine water quality, soil pollution, waste, energy and noise management, and wildlife and biodiversity conservation 

(Morska et al, 2014). 

 
PORTS 
According to Tarantola (Roa et al, 2013) “the Ports are areas that are attached to a sea, ocean or river by connecting 

waterway and are essentially considered as entities. They are equipped with infrastructure and technical facilities of any kind 

that allow them to manage the load type for which they are specialized. Its basic function is to provide shelter to a different 

extent to ships, allowing the transfer of goods from one means of transport to another. They also function as node link 

between sea and land and are a clear example of intermodality’’. Since ports are complex organizations that involve many 

factors, they can be categorized by different criteria, such as their location, size, trade profile, ownership status, 

administration or organizational model. Regarding the non-geographic location, the ports can be located in estuaries, rivers, 

bays, and on naturally or artificially protected coastline (Duran 2012). As to their commercial profile, ports falls, in general, 

into two different types, i.e. commercial and passenger ports. The first can handle one or more types of cargo. The main 

loads include a container, dry bulk, liquid bulk and vessels designed to carry wheeled cargo including cars and trucks. The 

latter is oriented in passengers moving, while commercial activities have a relatively limited.  Depending on their annual 

cargo size, ESPO classifies ports in the following categories: i) small ports (less than 1 million tons); ii) medium (1-10 

million tons); iii) large (10-25 million tons) and iv) very large (more than 25 million tons) (Duran 2012). The capacity of a 

commercial port is determined by the maximum cargo size served over a certain period of time and  is affected by various 

factors. Those that affect its external capacity are related to the natural environment and climate (tide, wind, changes in 

water level from storms or low barometric fields, waves, water currents, ice, depth of quay, etc.), as well as its geometrical 

characteristics (shape, depth and width at the entrance, depth and extent of the port, etc.). All these factors determine the 

size of the largest ship that may approach the port, thus affecting the size of the port capacity (Giannopoulos 1998). 

 

PORT MANAGEMENT 
Port management involves the ownership, management and control of the functions of a port (Talley, 2009).  The effective 

and efficient operation of national ports is a key factor determining its international competitiveness and appeal to foreign 

investment. Particularly, in recent years freight ports have grown significantly and are at the heart of international investors 

in view of their growth prospects. Port operation is now taking place in a completely new and diversified environment. 
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New infrastructures and new services have transformed ports from passenger and freight transport locations into complex 

establishments with high technocratic procedures and operating methods, but which are also required to meet new 

demands and obligations towards the environment and the wider society (Munteam, 2017). Each port must now be more 

competitive than others and in order to achieve this goal management of the largest and most developed ports in the world 

has shifted into the hands of special port management companies. These companies, by exploiting the ports/harbours, 

increase their revenue while helping to modernize and boost the competitiveness. Therefore, the main characteristic of 

modern port management is the extended involvement of the private sector in taking over the management of terminals by 

global managers (Dwarakish, 2015). For all these reasons, the general trend in the 2000s in port management models at a 

worldwide level is to significantly reduce the role of the State, both in port management and in financing the development 

of the main port facilities in favour of the private sector. Throughout Europe, important reforms have been made over the 

past few years in the institutional framework of ports.  The primary objective has been to strengthen private initiative and 

private-economic criteria in the operation of port activities, assuming that privatization can provide ports with better 

management and more funds, facilitating their growth and flexibility. Ports in Greece are public administrations and are 

accountable to the Ministry of Maritime Affairs and Insular Policy. Greek ports are managed by autonomous, at least in 

theory, public services that own the movable and immovable property and have the responsibility for financing and 

realizing investments for the development of their infrastructure. 

 
SUSTAINABLE DEVELOPMENT 
In the 21st century, humanity has faced a variety of environmental, social and economic problems. The impact of climate 

change and the scarcity of resources are intensifying, while their impact is not limited to the narrow context of a state, but it 

is spreading across the world (Wright, 2013). This parameter of the environment that knows no borders has made social 

and economic problems collective issues that require joint efforts to find a solution, or at least to mitigate the problems 

themselves or their effects. Today, it is generally accepted that sustainability is a dynamic process based on three pillars, 

which interact with each other and are not mutually exclusive (Kotowska, 2016). Sustainable development is inseparably 

linked to the environment. The foundation for sustainable development is the rational management of natural resources to 

meet human needs (Girard, 2013). The concept of sustainability has to be adopted by any economic development effort. In 

this context, a port must be economically flourishing and environmentally sustainable (Asgari et al., 2015). This is a complex 

process which requires to take into account the prosperity of the port business, environmental stability and gradual 

improvement, the security of port users, social acceptance, and land and sea access (Morska et al., 2014). 

The three pillars of sustainable development are environmental, financial or economic and social sustainability (Figure 1). In 

order to achieve environmental sustainability, the natural environment should retain its full functionality and usability for a 

long time. The main objective of environmental sustainability is to minimize the impact of human activities on the 

environment and, moreover, to encourage the restoration and preservation of natural habitats (Acciaro et al., 2014). 

Economic viability is the ability of an economy to support a certain level of economic output indefinitely (Agwu, 2014). 

Social sustainability refers to decisions and projects that promote general improvement in society. The social dimension of 

sustainability is just as important as the other two pillars. If not taken into account, this can lead to the collapse of the 
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whole path towards sustainability and also impact the society itself. Therefore, social sustainability can support a certain 

level of environmental quality and the amount of natural resources indefinitely (Widok, 2009). 

 
Figure 1: Sustainable dimensions for ports. (Adopted from Asgari et al, 2015). 

 

ENVIRONMENTAL PRIORITIES 
ESPO has set up a series of codes and practices for the promotion and integration of environmental management, while 

periodic surveys were conducted in order to assess and identify the main environmental concerns and trends of the port 

sector (ESPO, 2013). In 2002-2012, diagnostic tools, such as the Self-Diagnosis Method (SDM), were developed through 

research programs, most notably the ECOPORTS program (2002-2005), as to identify environmental risks and determine 

environmental priorities (Stojanovic et al., 2017). 

 

 
Figure 2: Top environmental priorities in ports according to ESPO for the reference period 1996-2013.   

 

Figure 2 summarizes the top environmental priorities in ports, starting in 1996 to 2013. As shown in Figure 2 through the 

years the environmental priorities in ports have changed, since in 1996 the development of the port in relation to the sea 
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was the most important issue, followed by water quality and dredging. In 2004, however, garbage and harbour waste (which 

were not listed in 1996) constituted the major problem and was followed by dredging. Water quality, which was the second 

most important problem in 1996, is not listing in the next two surveys, which is striking, and is only listed in the 2013 

survey, but as the last priority with the lower score. Moreover, noise, air quality and garbage and harbour waste are the top 

priorities for the last two surveys, while energy consumption has an improved score in the last survey, compared to the 

previous one. These also reflect the priorities of European legislation, which focuses on air pollution and noise pollution 

(Noise Directive, 2002/49/EC), while they also show the will of the ports to maintain a good public image and take into 

account the views of stakeholders. Also, results demonstrate that the main environmental priorities in European ports are 

related to the effects of gaseous and noise pollution on the human health, focusing on both workers and those living close 

to ports. In addition, issues such as waste management and reduced energy consumption are also important, as they have 

significant environmental impacts, especially for small and medium-sized ports, and are contributing to climate change 

(Calabria et al., 2015). Building relationships with local communities is an important priority, as cooperation between cities 

and ports is important in order to improve the impact of ports on citizens. 

When assessing long-term trends, points of particular interest are emerging. An indicative example is waste management 

that first enters as an environmental factor in 2013 and has an important place in all types of ports (Chen et al, 2013). 

Energy consumption is introduced for the first time in 2009, just after the global economic downturn, coupled with an 

increase in global awareness of GHG emission reductions. On the other hand, issues arising in the 1996 and 2004 surveys, 

such as habitat loss, land pollution, transport volume management and the management of hazardous goods and industrial 

wastewater are no longer important priorities, reflecting the development management systems in line with the 

harmonization of existing legislation. 

Finally, ESPO has expressed the view that European ports need to develop new tools, such as the environmental 

management system (EMS) and the port enforcement system, to have the lead in technologies that can make the 

development and renewal of ports compatible with the international legislation (Gupta et al., 2017). At the same time, port 

authorities could introduce performance indicators to control and measure the progress of environmental protection and to 

improve knowledge and communication within the social partners' networks, with emphasis on joint initiatives (Langen, 

2007). 

 

CURRENT TRENDS AND PERSPECTIVES OF ENVIRONMENTAL MANAGEMENT 
Typical examples for the promotion of environmental protection and sustainable development principles at ports have been 

published by various organizations and associations, such as the International Maritime Organization (IMO), ESPO and the 

EcoPorts network. So far, several tools and methodologies have been developed by the EcoPorts network to support 

integrated environmental management systems at ports (Lam et al., 2012). EMS consists of a series of actions and 

management tools with the specific aim of protecting the environment. Taking into account the differences between the 

ports and the changing nature of the environmental problems they face, developing such a management framework is 

considered to be of great importance to deal with and minimize their environmental impact in an efficient way. A 

systematic approach to environmental management allows continuous identification of the priorities of each port and 
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introduces an organizational structure that sets goals, implements necessary measures, monitors impacts, evaluates reviews, 

and takes corrective action when and where needed. In this way, ports can achieve and demonstrate continuous 

improvement in their environmental performance (Technologies et al., 2017). The most important are the Self Diagnosis 

System (SDM), the Port Environmental Review System (PERS), the Eco-Management and Audit Scheme (EMAS) and ISO 

14001 (Morska et al., 2014).  In order for a port to obtain an ISO 14001 certification, there are several actions that need to 

be previously made by the port facility operator. The figure 3 describes the ecoports tools. A detailed description of each 

step is given below. 

 
Figure 3:  Ecoports tools (Source: Adopted from Darbra et al, 2004) 

 

PORT ENVIRONMENTAL MANAGEMENT SYSTEMS 
 

SELF DIAGNOSIS METHOD (SDM)   
A simpler tool that can be used in the first stage for ports to obtain a preliminary assessment of the situation is the Self 

Diagnosis Method (SDM), developed by ESPO (Darbra et al., 2004). The self-diagnosis method is an established and widely 

accepted method for identifying environmental hazards in ports and for establishing priorities for action and compliance 

with regulations (ESPO, 2012). The SDM is a comprehensive list/questionnaire that can be completed by the port 

authorities and records the environmental management features taking place in the port. Port replies to the questionnaire 

are considered confidential. They are introduced into a database and contribute to the gradual creation of a reference 

framework for European ports. By completing the questionnaire, the port is integrated into the EcoPorts network and gains 

access to additional services, namely the SDM Review and the PERS environmental management system. The SDM tool 

can be used in varying size ports and at different stages of development in terms of their environmental priorities. Today, it 

has been adopted by some of the largest European ports, from ports that have gradually developed their environmental 

management and were eventually certified (according to PERS, ISO 14001 or EMAS), as well as by small ports that wish to 

start an evaluation process and increase environmental awareness (ESPO, 2012). 
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PORT ENVIRONMENTAL REVIEW SYSTEM (PERS)  
Modern harbours are constantly under pressure to comply with environmental regulations, report on environmental quality 

issues, and evaluate their environmental management efficiency. Many, wishing to be guided by recognized standards, are 

interested in adopting an environmental port management system (ESPO, 2012). The PERS includes key elements such as 

(Tselentis, 2007): 

• port profile; 
• an environmental policy statement; 
• list of activities; 
• legal requirements; 
• documented responsibilities; 
• compliance check; 
• environmental exposure; 
 

ECO MANAGEMENT AND AUDIT SCHEME (EMAS)  
The EMAS is a voluntary environmental management tool designed by the European Union (EU) and incorporates the 

ISO 14001 standard in such a way that the transition from ISO 14001 to EMAS is smooth and does not involve overlaps. It 

can be applied by any public or private sector organization that aims to improve its environmental performance. It began 

operating in 1995 and was revised in 2001 and 2009 (Rusko et al., 2014). 
 

ISO 14001 
ISO 14001 is the most recognized international environmental management standard. It is a model for an Environmental 

Management System that can be evaluated by accredited certification bodies. This model identifies the port's environmental 

processes, defines the objectives and procedures leading to the reduction of environmental impacts, controls the 

implementation of these processes and, if necessary, makes appropriate corrective actions, while recording the 

responsibilities of the personnel performing these procedures, which has been appropriately trained (Saengsupavanich et al., 

2009). Its adoption is voluntary and can be implemented by any organization interested in improving its environmental 

performance, regardless of the size or sector in which it operates. Worldwide, 329 ports are certified with SDM, 26 with 

PERS and 47 with ISO 14001 (https://www.ecoports.com/). In Greece, only a few Greek ports have developed integrated 

EMS and are members of the EcoPorts network, i.e Piraeus, Thessaloniki, Volos, Corfu and Patra. 
 

CONCLUSIONS 
The urgent need for environmental protection has led many international ports administrations to introduce the 

environmental dimension into their management in a number of ways. The international and European trend is the design 

and implementation of appropriate EMS from each port, coupled with the establishment of partnerships at the national, 

internatinal or continental level, as well as between the public and private sectors, as to develop a common environmental 

policy. Green ports/harbours are considered to be the answer to modern environmental challenges, having the green or 

otherwise sustainable development as a basic philosophy, which reconciles economic activities with environmental 

protection. Greece's geographical advantages, the rapid developments in the port cargo management industry in recent 

years, the constant renewal of port policies and the attempt to modernize port infrastructures give Greek ports a great 

potential for further development. 
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ABSTRACT 

A mechanical ventilation system plays a major role in tunnels safety. Over the world, different ventilation systems regarding to 
the tunnel geometry and other parameters are used for tunnel ventilation in the normal and fire operations. The main concern is a 
proper smoke evacuation in a fire case. In this paper, we are studying the mechanical ventilation system in underground tunnel below 
Suez Canal -Egypt which was simulated using Fire Dynamic Simulator (FDS) version 6.2.0, and it shows an acceptable agreement 
with experimental data. The studied parameters included the temperature variation along tunnel length and the variation in 
temperature at different cross-sections and heights in order to assess the effectiveness of various ventilation scenarios at fire accidents 
within the tunnel. The results have been presented and analyzed to simulate an actual fire test inside some locations inside the tunnel. 

Three case studies simulated with different Heat Release Rate (HRR) of Heptane pool with 29MW, which equivalent to bus 
or truck fire, 67MW which is equivalent to plastic cups goods vehicles fire (HGV) and 119 MW which equivalent trailer with 8.5 
ton furniture, fixtures and rubber tires [1]. The fire location is fixed at 105 m from tunnel entrance. Results illustrate the 
temperature contours at different cross sections at human level. This study shows that temperature at human level doesn't exceed 
40 ̊C. 

KEYWORDS: Smoke Management, Tunnel Fire, HRR, Jet Fan, and tunnel ventilation. 

INTRODUCTION 
         In recent years, disastrous tunnel fires have accidentally occurred, such as the Korea Daegu Fire in 2003, 
killing 189 people and the Viamala Tunnel Fire in Switzerland in 2006, killing nine people, Beard (2009). The 
fire-induced smoke will influence the safe evacuation of occupants and prevent the fire fighters from 
extinguishing the fire. According to statistics 85% of the deaths in building fires were caused by the toxic smoke 
Alarie (2003). Many experimental and CFD studies, all over the world, have been conducted in order to evaluate 
the impact of the airflow on temperature and smoke distributions during the fire in tunnels, Refaie(2014,2015) 
and Fan( 2013). 
           During fires, the accumulation of heat generated by fires can cause the temperature of the confined space 
to rise significantly. The hot smoke, even the fire flame, will directly contact the tunnel structure. The strength of 
the steel bars in the concrete is reduced once the bars are exposed to flame and hot smoke, which eventually 
leads to sinking or collapse of the tunnel ceiling Leitner (2001). Other than the structural issue, sprinklers or 
detectors installed in tunnels are quite likely to be activated by the smoke travelling along the ceiling. Therefore, 
it is in practice worth studying the maximum smoke temperature under the tunnel ceiling so as to enhance the 
safety level in tunnels. All road tunnels require ventilation to remove the contaminants produced by vehicle 
engines during normal operation. Ventilation may be provided by natural means, by the traffic-induced piston 
effect or by mechanical equipment.   The selected method should be the most economically in terms of 
construction and operating costs. Ventilation must also be considered for road tunnels to provide the necessary 
control of smoke and heated gases resulting from a fire within the tunnel and to keep the environment suitable 
for emergency evacuation and rescue in the evacuation path. The cutting-edge technology for representing the 
complex physics of fire and smoke propagation in the simulation space is computational fluid dynamics (CFD) 
by using fire dynamic simulator (FDS). This methodology solves the fundamental equations describing fluid 
flow: the time-dependent Navier–Stokes equations; and the issues surrounding the heat transfer phenomena 
associated with fire. In addition, it is necessary to couple the combustion chemistry of the processes with the 
equations describing the transport of species. With these elements and sufficient computer power, it is possible 
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to predict the spread of fire and smoke in arbitrary geometries in a realistic way. In spite of the maturity of CFD 
technology, fire dynamic simulator proves its validity all over its results. 
     The present study case is for a tunnel under construction passing below Suez Canal - Egypt, its length is 300 
m and width is 10 meter, and 6 meter height. When a fire is started on the floor of a straight tunnel without a 
ventilation flow, a hot plume rises above the fire and entrains the surrounding cold air into the plume. The 
plume, upon reaching the ceiling, forms two gas streams flowing in opposite directions along the ceiling. When a 
cross ventilation current exists, the symmetry in the rising plume and in the ceiling gas streams is broken. The 
ventilation current bends the plume and the length of the ceiling layer flowing against the ventilation current is 
reduced.  For the trapped occupants and fire fighters to see clearly the way out or the way to fire origin, the 
longitudinal ventilation velocity should be larger than a critical value to prevent back-layering. The critical 
longitudinal ventilation velocity is one of the key criteria used for designing tunnel ventilation systems. The 
critical velocity (Vcritical) is defined as the minimum air velocity required preventing the occurrence of back 
layering Kuang-Chung (2010). 
Motorists should not be exposed to maximum air temperatures that exceed 60°C (140°F) during emergencies to 
provide safety according to NFPA 502 (2010).  
      Ventilation is necessary in most road tunnels to limit the concentrations of contaminants to acceptable levels 
within the traveled roadway. Ventilation systems can also be used to control smoke and heated gases that are 
generated during a tunnel fire emergency. Some short tunnels are ventilated naturally (without fans); however, 
such tunnels could necessitate ventilation to combat a fire emergency. A longitudinal ventilation system 
introduces air into, or removes air from, the tunnel roadway at a limited number of points, such as a portal or a 
shaft, thus creating a longitudinal flow of air within the roadway, with discharge at the exiting portal.  
Transverse ventilation systems feature the uniform collection or distribution of air throughout the length of the 
tunnel and can be of the full transverse or semi transverse type. In addition, semi transverse systems can be of 
the supply or exhaust type.  For the jet fan system, Jet fans are mounted on the ceiling and achieve their effect by 
means of the thrust (impulse) of the air outflow. A high induction of the surrounding air is produced, and after a 
short time the volume of air in the entire space begins to circulate. This effect results in the transferred volume 
of air being several times greater than the actual flow volume of the fan. In the present work, three case studies 
simulated with different Heat Release Rate (HRR) of Heptane pool with 29MW, 67MW, and 119 MW in order 
to illustrate the temperature contours at different cross sections in the tunnel at human level.  

CFD MODELING 
A brief description of Fire Dynamics Simulator (FDS) sub models McGrattan (2014) is given hereafter. 
 
Hydrodynamic Model 
FDS solves numerically a form of the Navier-Stokes equations appropriate for the low-speed, thermally-driven 
flow with an emphasis on the smoke and heat transport from fires. FDS model solves a form of conservation 
equations for low speed; thermally driven flow Forney (2014).The core algorithm is an explicit predictor-
corrector scheme that is second order accurate in space and time. Turbulence is treated by means of Large Eddy 
Simulation (LES). It is possible to perform a Direct Numerical Simulation (DNS) if the underlying numerical 
grid is fine enough. LES is the default mode of operation. 
 
Combustion Model 
For most applications, FDS uses a combustion model based on the mixture fraction concept. The mixture 
fraction is a conserved scalar quantity that is defined as the fraction of gas at a given point in the flow field that 
originates as fuel. The reaction of fuel and oxygen is not necessarily instantaneous and complete, and there are 
several optional schemes that are designed to predict the extent of combustion in under-ventilated spaces. The 
mass fractions of all of the major reactants and products can be derived from the mixture fraction by means of 
“state relations,” expressions arrived at by a combination of simplified analysis and measurement. 

Radiation Transport 
Radiative heat transfer is included in the model via the solution of the radiation transport equation for a gray gas. 
In a limited number of cases, a wide band model can be used in place of the gray gas model to provide a better 
spectral accuracy. The radiation equation is solved using a technique similar to a finite volume method for 
convective transport, thus the name given to it is the Finite Volume Method (FVM).  

Boundary Conditions  
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All solid surfaces are assigned thermal boundary conditions, plus information about the burning behavior of the 
material. Heat and mass transfer to and from solid surfaces is usually handled with empirical correlations, 
although it is possible to compute directly the heat and mass transfer when performing a Direct Numerical 
Simulation (DNS).  

NUMERICAL VALIDATION 
The validation process for FDS is carried out using experiment which is presented by Blanchard et al (2012) in 
underground tunnel. FDS is used for provide same tunnel model which was presented by Blanchard et al (2012) 
who studied the experimental variation of temperature with time in different heights and sections of tunnel, the 
temperature distribution along tunnel length, variation of heat release rate of Heptane fire pool with time and 
velocity variation with time at different heights and cross sections upstream and downstream of fire location. 
The case of Blanchard et al (2012) is horizontal tunnel, completely belowground and 43 m long, with a partial 
cross section around 4m2 in surfaces and with a 2.16 m hydraulic diameter. The walls are covered by fire 
resistant mortar cement with well-known thermal properties. The floor is made of concrete. A ventilation device 
is mounted at the downstream side of the tunnel in order to control the longitudinal flow rate by extracting a 
roughly constant gas volume flux. The fire load is provided by a Heptane pool at a central location on the 
transverse section. The steel pool has a 0.5 m2 area and 0.1 m depth. The HRR would be around 1.5 MW in an 
open space (approximately correspond to 23 MW according to Oka and Atkinson scaling methods, Oka et al 
(1995). The critical ventilation velocity has been evaluated using various well-known methods as reported in 
Table 1. This critical velocity allows preventing back layering, i.e. all the combustion gases are transported 
downstream the fire. The ventilation velocity, which presented by Blanchard et al (2012), have been performed 
with an exhausted volumetric rate of 4.0 m3/s and 8.8 m3/s corresponding to a longitudinal velocity of 1.0 m/s 
and 2.2 m/s without fire.  

Table 1: Critical ventilation velocities 
HRR Oka’s method(1995) Wu’s method (2000) Kunsch’s method (2002) 
1.5 MW 1.5m/s 1.2m/s 1.8m/s 

 
     The present work carried out FDS simulation of tunnel which presented by Blanchard et al (2012) in real 
scale. The dimensions of real scale equal the dimension of model multiple to 3. Velocity and fire heat release rate 
of real scale produced by using Oka and Atkinson (1995) methods for scaling as shown in the Table 2. 
 

Table 2: Scaling data  
 1/3 scale model  

Blanchard et al (2012) 
Real scale model  
(FDS Simulation ) 

Tunnel Height (m) 1.9 5.7 
Tunnel Width (m) 2.5 7.5 
Tunnel long (m) 43 129 
Velocity in below critical velocity condition (m/s) 1 1.73 
Velocity in above critical velocity condition(m/s) 2.2 3.8 
HRR (MW) 1.5 23 

 
 The dimensions of real scale tunnel are divided into cubic cells of 30 cm×30 cm×30 cm in FDS modeling. The 
total number of cells in real scale tunnel is 204,250 cells. The results present the comparison between FDS 
simulation results and Blanchard et al (2012) experimental study. The HRR Which presented by FDS simulation 
provided an acceptable agreement with HRR data presented by Blanchard et al (2012) as shown in Figure 1 and 
Figure 2.  
 
  
 
 
 
 
 
 
 
 

Figure 1           HRR of fire presented by Blanchard et al (2012) 
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Figure 2     HRR of fire presented by FDS by simulation 
 
A first step of rapid increase is observed during the first 90 s, then the increase is weaker but the experiment 
does not show a steady state. Finally, there is a sharp HRR peak around 350 s, before a rapid decrease. The 
observed increase arises due to the radiant energy emitted from the wall surfaces progressively heated (feedback 
loop). This sharp peak up to 3.4 MW at the end of the test, results from an increasing volume temperature of the 
fuel (all the substrate reaches the boiling point).The temperature is presented as a function of time at 27 m 
upstream the fire section, along a vertical central line. FDS simulation for temperature provided an acceptable 
agreement with experimental data presented by Blanchard et al (2012) in 27m upstream the fire at height 5.4m 
and 4.5m as shown in Figure 3 and Figure 4. Based on previous validation results proved that FDS version 6.2.0 
simulation results, have an acceptable agreement with experimental data presented by Blanchard et al (2012). 
 

 
 
 
 
 
 
 
 
 
 

 

 
 

Figure 3 Temperature Variation with time at 27 m upstream the fire at height 4.5 m 
 

 

 

 

 

 
 
 
 

 
Figure 4 Temperature Variation with time at 27 m upstream the fire at height 5.4 m 
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TUNNEL MODEL CONFIGURATION  
 
     The tunnel is horizontal and completely below ground. It is 300 m long, with a rectangle cross-section. 
Ventilation devices are mounted by groups of jet fans under tunnel ceiling with 100m distant apart as shown in 
Figure 5. The tunnel is divided into three ventilation zones each is 100 m long. 8 fans with 100 m apart are 
located inside the tunnel for smoke evacuation and ventilation process as shown in Figure 6. When a fire occurs 
in a tunnel, the existing ventilation system has to be able to control the smoke propagation. In the case of 
longitudinal or transverse ventilation systems, one of the main aspects deals with the preservation of the smoke’s 
natural stratification. So it must be preserved in a clean air layer in the lower part of the tunnel, which is crucial 
in order to facilitate the motorists' evacuation. 

 
Figure 5    Tunnel cross-section. 

 
Figure 6     Model of Tunnel 

 
After motorists evacuating, jet fans start to work at highest speed that is cause to sweep all smoke upstream the 
fire to downstream to allow fire fighters enter from traffic direction. Due to high speed from jet fans, the smoke 
plume starts to tilt and fill the lower part of tunnel. The present work studies the effect of fire heat release rate of 
29 MW, equivalent to a bus or truck fire, 67 MW which is equivalent to plastic goods vehicles fire and 119 MW 
which is equivalent to trailer with 8.5 ton furniture, fixtures and rubber tires, and fire location in each zone on 
temperature, and velocity and it studies also max temperature under tunnel ceiling. In this present study, number 
of cells was estimated to be about 800000 mesh cells. It provided more accurate results according to grid 
sensitivity analysis. Ambient Temperature is 20 ̊C as an average temperature all over the year within Egypt 
region, ambient pressure is 1.013x105Pa, relative Humidity 50%, normal ventilation velocity in tunnel under non 
thermal condition (without fire) is 1m/s and jet fans flow rate is 21 m3/s.  
 
 Grid Sensitivity Analysis  
A grid sensitivity study is performed to optimize the computational resources. Three meshes give the total 
control volumes of 90,192 cells (coarse grid), 800,000 cells (medium grid) and 1,200,790 cells (fine grid). The 
resultant temperatures, which is at 9m upstream fire location and height 5.4 m in case of 29 mw HRR, show in 
Figure 7. It shows that medium and fine grids give similar results and the average relative error for coarse grid 
and fine grid with respect to medium grid are 23% and 5.8% respectively. Medium grid arrangements were 
found to be sufficient and are used hereafter. 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 7 Temperature variations with time at height 5.4m and 9m upstream fire location using different grid size 
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A set of different FDS sensors are locates in different location, in order to get complete analysis for each 
measured parameter and for every case as per Table 3.  
 

Table 3: Case Studies 
Case Fire Location Heat Release Rate of Fire(HRR)(MW) 

Case 1 At 105m from tunnel entrance (at first of Zone #2) 29 MW 
Case 2 At 105m from tunnel entrance (at first of Zone #2) 67 MW 
Case 3 At 105m from tunnel entrance (at first of Zone #2) 119 MW 

 
Simulation of case #1  
The temperature contours are presented in Figures 8, 9, and 10 as a function of time at location of 50 m 
downstream fire location which shows that the maximum temperature under tunnel ceiling just before working 
of jet fans didn't exceed 220 ̊C. After working of jet fans at time 150s the maximum temperature under tunnel 
ceiling reduced to 170C and the temperature at human level reached to120C.The temperature contours as a 
function of time at human level and mid plane in zone #2 show that the maximum temperature under tunnel 
ceiling reaches to 315 ̊C and the temperature at human level is 20 ̊C at time 100s to enhance evacuation process.  
 
 
 
 
 
 
 
 
 

 
 
 
Figure 8   Temperature contour at x=50 m downstream fire -At time 100 s., Case 1 

 
 

 
 
 
 
 
 
 
 
 
Figure 9   Temperature contour at x=50 m downstream fire -At time 150 s, Case 1 

 

 

 

 
      
  
 
 

Figure 10    Temperature contour at x=50 m downstream fire -At time 300 s, Case 1 
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At time 150 s the temperature reaches to 80 ̊C at human level due to plume tilting and the temperature under 
tunnel ceiling reaches to 230 ̊C. At time 300 s the temperature decreases to 60 ̊C at human level, as shown in the 
above Figures 11, 12, and 13. Figures 14 shows longitudinal temperature distribution at time 100s and 300s in 
upstream region. It's noticed that the temperature at 100s is 22 ̊C and it increasing with getting closer to fire. The 
temperature at time 300s, after working of jet fans, decreasing to 20 ̊C due to smoke sweeping from upstream 
region. Figure 15 shows longitudinal temperature distribution at human level at time 100s and 300s in 
downstream region. It's noticed that he temperature at time 100s is 22 ̊C and the temperature at time 300s 
increases to 50 ̊C due to plume tilting and smoke sweeping from upstream. 

Figure 11     Temperature contour in zone #2 at human level at time 100 s, Case 1 

Figure 12    Temperature contour in zone #2 at human level at time 150 s, Case 1 
 

Figure 13      Temperature contour in zone #2 at human level at time 300 s, Case 1 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 14    Longitudinal temperature distribution at human level in upstream region 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 15         longitudinal temperature distributions at human level in downstream region.                         
 
Simulation of case #2  
The temperature contours are presented in Figures 16, 17 and 18 as a function of time at location of 50 m 
downstream fire location which shows that the maximum temperature under tunnel ceiling just before working 
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of jet fans doesn't exceed 370 ̊C. After working of jet fans at time 150 s the maximum temperature under tunnel 
ceiling reduces to 335 ̊C and the temperature at human level reaches to 125 ̊C.  
 
 

 

 
 

 
 
 

Figure 16 Temperature contour at 50m downstream fire at time 100s before working of jet fans, case 2. 
 

 
 

 

 

 
Figure 17   Temperature Contour at 50m downstream fire at time 150s, Case 2  
 

 

 

 

 
 

Figure 18      Temperature Contour at 50m downstream fire at time 300s. ,Case 2 
 
The temperature contours as a function of time at human level and mid plane in zone #2 show that the 
maximum temperature under tunnel ceiling reaches to 650 ̊C and the temperature at human level is 20 ̊C at time 
100 s to enhance evacuation process. At time 150 s the temperature reaches to 120 ̊C at human level due to 
plume tilting and the temperature under tunnel ceiling reaches to 450 ̊C, at time 300 s the temperature reaches 
100 ̊C at human level, as shown in Figures 19, 20 and 21. 

 
 

 
 

Figure 19 Temperature contours in zone #2 at human level at time 100s. 

Figure 20 Temperature contours in zone #2 at human level at time 150s. 

Figure 21 Temperature contours in zone #2 at human level at time 300s. 
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Figure 22 which show longitudinal temperature distribution at time 100 s and 300 s in upstream region. It's 
noticed that the temperature at time 100 sec is 24 ̊C and it increasing with getting closer to fire location. The 
temperature at time 300s, after working of jet fans, decreases to 20 ̊C due to smoke sweeping from upstream 
region. Figure 23 shows longitudinal temperature distribution at human level at time 100 s and 300s in 
downstream region. It's noticed that the temperature at time 100s is 20 ̊C. and it increasing with getting closer to 
fire location, and the temperature at time 300s increases to 80 ̊C due to smoke sweeping from upstream region.
  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 22    Longitudinal Temperatures at Human level in upstream region                                             
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 23 longitudinal temperature distribution distributions at human level in downstream. 
Simulation of case #3 
The temperature contours are presented in Figures 24, 25, and 26 as a function of time at location of 50 m 
downstream fire location which shows that the maximum temperature under tunnel ceiling just before working 
of jet fans doesn't exceed 420 ̊C. After working of jet fans at time 150 s the maximum temperature under tunnel 
ceiling increases to 520 ̊C and the temperature at human level reaches to 170 ̊C.  The temperature contours as a 
function of time at human level and mid plane in zone #2 show that the maximum temperature under tunnel 
ceiling reaches to 820 ̊C and the temperature at human level is 20 ̊C at time 100 s to enhance evacuation process. 
At time 300 s the temperature reaches 200 ̊C at human level as shown in Figures 27, 28 and 29 . 
 
   
 
 
 
 
 
 

 

Figure 24   Temperature contour at 50m downstream fire at time 100 s before working of jet fans, Case 3 
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Figure 25   Temperature contour at 50m downstream fire at time 150 s., Case 3  

 
 

 
 
 
 
 
 
 
 

Figure 26    Temperature contour at 50m downstream fire at time 300 s Case 3  

Figure 27   Temperature contours in zone #2 at human level at time 100 s. 

Figure 28   Temperature contours in zone #2 at human level at time 150 s. 

Figure 29   Temperature contours in zone #2 at human level at time 300 s. 
     Thermocouples sensors are located at human level in order to get complete longitudinal thermal distributions 
over tunnel length as shown in figure 30 which shows longitudinal temperature distribution at time 100s and 
300s in upstream region. It's noticed that the temperature at time 100 sec is 40 ̊C and it increases with getting 
closer to fire location. The temperature at time 300s, after working of jet fans, decreases to 20 ̊C due to smoke 
sweeping from upstream region. Figure 31 shows longitudinal temperature distribution at human level at time 
100 s and 300s in downstream region. It's noticed that the temperature at time 100 s is 40 ̊C. and it increasing 
with getting closer to fire location, and the temperature at time 300 s increases to 160 ̊C due to smoke sweeping 
from upstream region. 
 
 
 
 
 
 
 
 
 
 

Figure 30   Longitudinal temperature distribution at human level in upstream region. 
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Figure 31   Longitudinal temperature distribution at human level in downstream region 

CONCLUSIONS  
Fire Dynamic Simulator (FDS) showed an acceptable agreement with experimental data, which was presented by 
Blanchard et al (2012). The agreement parameters included the temperature variation along tunnel length and the 
variation in temperature at different cross-sections and heights. The grid size employed in this study is adequate 
to predict the various parameters of temperature, and velocity according to grid sensitivity analysis. The 
numerical results, which were obtained by FDS, showed that increasing in fire Heat Release Rate (HRR) 
increased the maximum temperature under tunnel ceiling and increased also the temperature at human level but 
in worst case of HRR equal 119MW the temperature reached to 40C ̊ which is still under safety limit according 
to NFPA 502(2010). The numerical results which were obtained by FDS confirmed that the standard calculation 
method for jet fan design as per ASHRAE and NFPA 502 (2010) recommendations is acceptable for our case.  

NOMENCLATURE 

Symbol Quantity 
g Gravitational acceleration, m/s2 
H Height, m 
L Length, m 
P Pressure, Pa 
t Time, s 
T Temperature, C 
U Axial velocity, m/s – Average velocity near the wall region, m/s 
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ABSTRACT 
Greece is a country that has numerous islands depending on conventional fossil fuels with electricity, fuel and transportation costs often 

subsidized by the State resulting in significant economic burdens. Small islands can benefit from adaptation of renewable energies to enhance their 
energy independence and promote sustainable development. In Greece majority of renewable sources utilized are wind and solar, however an un-
tapped and under-investigated resource is wave energy. The wave resource encompasses higher energy density than wind and can contribute in the 
development of renewable energies, enhancing security of supply for smaller communities. Offshore locations offer significant advantages for 
renewable energy deployments with little interference on human activities and local ecosystems, hence reducing potential conflicts of interest and 
increasing social acceptance.  

Wind and wave resources differ in availability, in terms of energy production wind turbines can be estimated quite straightforward, on the 
other hand wave energy converters (WECs) require complex consideration and resource implication on energy production. Pending on regional focus 
different WECs are suitable, leading to different production profiles with WEC selection highly dependent on local long-term metocean condition. 
This study quantifies the temporal overlap by offshore wind and wave converters, in several locations around Greece using wind and wave data. 
Temporal overlap on energy production over long periods leads to robust results concerning the potential benefits by offshore devices.  

INTRODUCTION 

During the last decades Greece has actively been pursuing environmental targets, especially ones associated with 
renewable energy production. Higher scenarios of renewable integration have been proposed with main limitations the 
higher penetration of renewable energy (RE) technologies ands its effects on electrical grid stability (Μichalena and Hills, 
2012). To assist in the adaptation of renewables, alternatives that reduce necessity for conventiontal fuels have been 
suggested such as storage and/or a mainland interconnections (Vaona, 2016; Zafirakis et al., 2013). 

There are significant financial considerations for the future increase RE expected, mainly associated with final cost of 
energy and infrastructure needed for uninterrupted power supply. For the Greek region, several studies have explored not 
only energy losses of a system and restrictions in accepting renewables (Kaldellis et al., 2013), but also assessments on 
income losses by the electrical grid (Kaldellis et al., 2004). Prompting numerous studies of renewable systems to combine 
storage methods to counteract loss of energy due to curtailments. Amongst the systems explored are batteries, Pumped 
Hydro Storage (PHS), desalination, Thermal Energy Storage (TES), and Compresses Air Energy Storage (CAES) amongst 
proposed solutions (Friedrich and Lavidas, 2017, 2015; Kaldellis, 2010; Zafirakis and Kaldellis, 2010). 

This study investigates the temporal combination of two overlapping resources, that can assist in addressing the 
intermittent production from each technology and accelerate the level of RE acceptance in the local grid. Temporal 
interconnection of RE can reduce variability issues and adjust generation into a more continuous profile. To ensure such a 
coupling the power production trends of major renewable components in a system must be evaluated temporally, and 
coupling alternatives must provide some level of time domain production satisfaction. While a deterministic solution is not 
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feasible at this stage, generation trends by a multi RE system are examined. Resources are firstly quantified independently, 
and their power performance is estimated and analysed. Since wind power is more establishe, and offers higher rated 
installed capacity devices, henceforth is consider as the "base" energy source. Wave energy converters (WECs) act as a 
substitution mechanisms covering hours of non-operation. 

MATERIALS AND METHODS 

To assess potential energy production benefits data of appropriate temporal resolution must be accessed from 
validated sources. The analysis uses two datasets, wind data are based on a re-analysis dataset developed by (Saha et al., 
2010). Wave data have been obtained by a calibrated and validated dataset developed by (Lavidas et al., 2016; Lavidas and 
Venugopal, 2017). Both datasets have a been chosen for their high temporal resolutio, from 1980-2015 in total for 35 years 
and high spatial resolutions. Several locations from both datasets are extracted as raw data, which are subsequently analysed 
and converted intor energy production estimates, for locations see Figure 1. 

 

Figure	1:	Domain,	bathymetry	scale	in	meters	and	selection	of	the	locations	used	

RESULTS 

Estimating energy production for each converter (wind or wave) requires different considerations. In the case of wind 
turbines, the process requires the component of wind vectors to be scaled to turbine height. Wind turbines have three 
characteritics, cut-in wind speed for production (3m/s), cut-off (25m/s) for stop and nonimal wind speed (13m/s) the 
value at which the turbine produces the name plate capacity (Vestas, 2016), see Figure 2. Prior to estimating wind power the 
vectors are re-scaled to 100 m through the power law, see Eq. 1. 

 (1) 
with (α) the power law exponent which over offshore regions has lower turbulences, suggested coefficient is  1/7 (Manwell 
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et al., 2009). 

 

Figure	2:	Wind	turbine	power	curve	as	adjusted	by	the	manual	(Vestas,	2016)	
Wave components are derived by the wave spectrum which is dependent of the frequency (f), direction (θ), and 

comprises the two dimensional spectrum (E(f,θ)) of seas. There are several wave energy converters (WEC) that can be 
categorized according to mass, deployment depth, operational principles, power-take-off (PTO) etc. (Falcão, 2010). To 
estimate the energy production of a WEC specific significant wave height (Hm0 or Hsig), as estimated by Eq.2, and wave 
periods (see Eqs. 3-6) are used to construct the bivariate distribution. The joint probability is used to characterize the local 
metocean conditions, which combined with a WEC power matrix estimates the amount of energy produced. It should be 
noted that directionality will play a role in the energy production, majority of WEC matrices do not offer the exact level of 
such interactions. 

			 (2)	
Selection of a suitable WEC is highly dependent on long-term metocean conditions, location, depths, operating 

principles. In this study a parametric approach is used to determined the best WEC per location, the converters used are 
described in (Babarit et al., 2012; Lavidas and Venugopal, 2017; Silva et al., 2013), hence the cut-in, cut-off and nominal 
production based on joint distributions are automatically adjusted and re-estimated, for every location. 

 

Figure	3:	Power	Matrices	(PM)	for	indicative	WECs	in	kW	
For all WECs the common characteristic is the significant wave height, however as seen the wave period used for the 

estimation of each WEC changes in accordance with the PTO and published matrix. The most common wave periods used 
for the WEC power estimations are estimated by the moments of the two-dimensionsal sea spectrum (see Eq. 3) to obtain 
the zeroth, first and second spectral moments, these are the mean wave period (Tm01) (see Eq. 4), the mean zero crossing 
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(Tm02) (see Eq. 5) and the energy period (Tm10 or Te) (see Eq. 6).  

	(3)	

			 	 (4)	

		 	 (5)	

		 	 (6)	
From the joint distributions and for each power matrix, the energy production (E0) and capacity factor (CF) can be 

derived by combining the power matrix (PMi, j) and seastates (pi, j), see Eq. 7. The parameter (pi, j) represents the energy 
percentage corresponding to the bin assigned. (PMi j) is the electrical expected output by the same bin as stated by the 
power matrix. The column is denoted j and the row as i. The summation of which delivers the energy produced and 
subsequently is used to estimate the CF and select the optimal WEC for each extracted location.  

	(7)	
Having selected the optimal WEC according to CF, the availability, hourly energy production of wind turbine (W/T) 

and WEC are estimated and used for the cross-correlation determination between resources. The overlap in production 
considers the W/T as the primary (base) energy source and WEC as the supplementary source. Overlapping production is 
achieved as there is a dependence of waves by wind resources. In our analysis, we have not considered separation of swell 
waves, as focus is given on the energy produced by the WEC based on complex mixed sea states of swell and locally 
generated wind waves. To determine the cross-correlation (cR) of wind and wave energy (see Eq. 8), we have considered 
the method presented in (Fusco et al., 2010) though applied at the produced electrical energy levels by each solution, and 
not at resource levels, where (τ) is the time lag, set at 1 hour, (std) the standard deviation, (µ) the mean electrical power, and 
(N) the sample size over time (t).  

	(8)	
The cR provides the cross-correlation classifying the instantaneous production. One hour step-ahead provides 

important information about the potential use of co-located wind-wave farms, that are expected to reduce variability of 
production. The time-lag can be subjected to any range ahead to suit the needs of balancing the system, although it has to 
be noted that a significant increases reduces (cR) (Fusco et al., 2010). From there the temporal overlap in energy production 
(TT) is estimated, by accessing the energy production of each devices and considering the time lag set. An overview of the 
iterative process used is given in Figure 4, and shows all the steps that are delivered. 
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Figure	4:	Iterative	process	
	
The iterative process estimated the energy production for W/T and explored the optimal considerations of a WEC. At 

this stage, no filtering of individual WEC requirements has been made, as focus of the study is to examine the temporal 
overlap of production between wind and wave. Future improvement will account for geographical characteristics, exclusion 
zones, and distance from shore.  

 

Figure	5:	Performance	per	WEC	at	locations	for	35	years	
In total twelve different WECs have been modelled for the locations, each with distinct operational principles and 
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different installed capacities. For Crete1, Naxos, and Paros the OT (OceanTech) converter has been selected as optimal 
selection, while for Crete2, Euboia, Kythnos and over-topping (OV) WaveDragon had better performance most years, see 
Figure 5. Based on disseminated data, hourly time-series of production are estimated for wind and wave converters and 
cross-correlated. Majority of locations have slight moderate and inverse moderate cR near the 0.05 and 0.1, this however is 
always in close connection to the time windows (τ) selected. 

	
Figure	6:	Supplement	hours	of	operation	by	WECs	per	year	and	location	
Supplement of production by WECs vary per locations and is highly dependent on WEC selected. As seen in Figure 

6, WECs can provide a temporal coverage in absence of wind energy production over 35 years. The lowest temporal 
overlap is met at Naxos location, while the highest at Crete 2. In average the co-located WEC with the W/T can 
complement 1253.71 hours, at Crete 1 346.86 hours, Euboia 751.06 hours, Kythnos 741.20 hours, with Naxos and Paros 
having the lowest of 29.77 and 44.77 respectively. 

CONCLUSION 

Reducing intermittent energy production by renewable energies is a continuous discussion that ultimately aims at the 
de-carbonisation of energy systems and increase of renewable energy penetration. While, energy storage is an option, this 
study investigated the potential effects that co-located wind and wave energy converters in terms of energy production. 
Offshore installations have the advantage of low visual impact; increasing the potenial social acceptance levels by local 
communities. 

The un-tapped wave energy resource is correlated to the wind resource but has different and more complex 
characteristics, with the plethora of WECs temporal energy production profiles can vary significantly. This can be an added 
value to the expansion of offshore renewable energies and the decentralization of the islandic electrical grids. Combining 
different resources leads to the reduction of intermittent production, since with different temporal energy profiles the 
necessity for reserve capacity is reduced. However, in order to achieve constant supply the available resources and potential 
production, in temporal tems, must be accounted for. To date in Greece, majority of renewable energy originates from solar 
and wind, solar especially has an energy temporal profile that does not satisfy intermittent wind production especialy at late 
evening and nights. 

The study used data that are extracted by a wind re-analysis and wave databases, allowing long-term evaluation on 
energy production correlations. With wind being a volatile resource, the necessity for a RE converter complementing its 
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production attributes is vital, to reduce intermittent nature. Wave energy is directly correlated to wind resource; it is evident 
that potential overlaps will benefit the end user and/or distributor. 

For a mild wave and moderate wind resource regions like the ones in Greece, there are significant benefits from this 
technology combination. More specifically, cross-correlation of these two resources can provide energy supplements by 
wave energy production in times when wind production is absent. WECs used were selected after comparison of the dataset 
with several devices, ensuring that our selection will maximise the utilisation of locations. Selecting the device based on 
annual energy performance (CF) and then hourly energy production gave at the highest 1253.71 hours of energy overlap. 
However, by changing the WEC and/or the deployment scheme, the temporal overlap can change dramatically. Another 
adaptation can be made to the process presented below that will aim to select WEC per time domain overlap and not 
energy production. This approach can be used at small island communities and decentralized regions for which the scaling 
of installed capacities for wind and wave can be easily adjusted, based on long-term profiles of consumption. Overlap 
coverage of production, can decrease variability and allow for higher RE energy contribution to autonomous grids. 
Combination of multiple RE forms of energy, re-affirms the fact that electricity can be supplied in a consistent manner, 
which reduces defferal capital expenditures to the grid and ensures sustainable development. 
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ABSTRACT

Teleworking is a convenient type of working relationship in the modern urban realm, characterized from freelancing and use of state of the
art communication and technology tools. This paper examines the impact of the economic crisis in Greece in the change of commuters’ travel
behaviour and their willingness to accept and promote teleworking. The survey took place in the city of Athens, the capital city of Greece, and in
the city of Xanthi, a typical mid-sized city of north-eastern Greece. The research was based on a questionnaire survey conducted during the years
2015 and 2016 on a random sample of 531 individuals (271 in Athens and 260 in Xanthi) of different age, profession and purchase power
through personal interviews. The questionnaire used consisted of 17 questions and the aim of the analysis was to draw useful and practical
solutions which are able to demonstrate the actual effect of the economic crisis on commuters’ possession of private vehicles and bicycles comparing
the years before (2008) and during the economic crisis and the selection of teleworking as an alternative way to work. The participants stated the
percentage of teleworking at home, their willingness to increase teleworking due to economic and/or other reasons, and they also compared their
productivity level with the one in their typical working area. The results of this survey can assist state officials to encourage teleworking and
promote sustainable transportation in order to increase the sustainability level of cities, business productivity and work efficiency, decrease transport
cost and energy consumption, and finally improve the quality of life in urban areas.

INTRODUCTION

People and capital can freely travel worldwide in order to find the best value for money and business opportunity
resulting to an era of globalization. This fact has impacts on the global financial system, because no country or enterprise is
considered to be protected against unexpected situations or counted risks. Global production and trade has gradually
moved towards the developing economic countries. The world economy is changing so fast, that we have to watch and
adopt every change by using the appropriate technologic tools and use well trained human resources, in order to find the
best financial opportunities and business proposals in favour of the society.

The global financial crisis began with a crisis in the subprime mortgage market in the United States in 2007, and
developed into a full-blown international banking crisis with the collapse of the investment bank Lehman Brothers in 2008.
Excessive risk-taking by banks helped to magnify the financial impact globally. The financial crisis was followed by a global
economic downturn. Greek economic crisis was triggered by the financial crisis of 2007-2008, the global economic
downturn and the chronic structural weaknesses of the Greek economy. The term “economic crisis” is used in Greece not
only for its economic point of view but also for political and social ones (Profillidis and Botzoris, 2015). The Greek
economic crisis seriously affected the economy of the country. Between the years 2008 and 2016, the per capita Global
Domestic Product (GDP) of Greece was reduced by 23.89% (Figure  1), compared to +0.79 in Eurozone member
countries and +2.87% in the EU-28 member countries. Unemployment increased in Greece from 7.8% in 2008 to 23.9% in
2016, in Eurozone member countries from 7.5% in 2008 to 10.0% in 2016 and in the EU-28 member countries from 7.0%
in 2008 to 8.6% in 2016 (World Bank, 2017). Unemployment of the youth was significantly affected in Greece after the year
2011 reaching up to 50% (Karafolas and Alexandrakis, 2015).

Due to the economic crisis in Greece and other countries, citizens try to reduce their transport cost not only for

[59]



EinT2016 - 2rd International Conference “ENERGY in TRANSPORTATION 2017”

utilitarian but also for recreational purpose mainly in urban areas. Citizens use more sustainable transport modes (walking,
bicycling, car sharing, and public transportation) or do not travel at all to their working place (teleworking) in order to
balance their income and their expenses. Due to this fact, a new status in travel demand has been reached, and the necessity
for investment in expensive transport infrastructure projects is reduced with expected environmental benefits (Profillidis et
al., 2014; Botzoris et al., 2015). The economic crisis should not be an excuse but an opportunity for public authorities in
order to promote sustainable transportation in urban areas and improve their citizens’ quality of life (Galanis and Botzoris,
2014).

The present paper examines the impact of the economic crisis in Greece in the change of commuters’ travel behaviour
and their willingness to accept and promote teleworking. The survey took place in the city of Athens, the capital city of
Greece, and in the city of Xanthi, a typical mid-sized city of north-eastern Greece. The research was based on a
questionnaire survey conducted during the years 2015 and 2016 on a random sample of 531 individuals (271 in Athens and
260 in Xanthi) of different age, profession and purchase power through personal interviews. Athens is the capital and
largest city of Greece and it is recognized as a global city because of its location and its importance in shipping, finance,
commerce, media, entertainment, arts, international trade, culture, education and tourism. Xanthi is a mid-sized Greek city
in Thrace, northeastern Greece. It is the capital of the Xanthi regional unit of the region of East Macedonia and Thrace.

1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016
15,000

20,000
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35,000 GDP per capita (constant 2010 €)
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EU-28
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20,070 €

Figure 1 Evolution of per capita GDP in Greece, Eurozone member countries and EU-28 member countries.
Compiled by the authors, based on data of (World Bank, 2017).

SUSTAINABLE TRANSPORTATION

Walking is a sustainable transport mode available to all at no cost. The safer and more convenient is the walking
environment more citizens will prefer walking than other transport modes mainly for short distance urban trips. Cities that
favor walking present many benefits for their citizens in terms of road safety, personal safety, accessibility to destinations
and selection of multiple transport modes. Pedestrian travel behavior differs for various urban road types. The presence of
low level of motorized traffic flow in combination with pedestrian infrastructure maintenance and mobility problems incites
pedestrians to walk in the street or cross outside designated crosswalks thus underestimating their safety issues (Galanis et
al., 2017). The relationship between walking and urban built environment characteristics can be examined using specific
audit tools (Galanis and Eliou, 2012).

Bicycle is a sustainable transport mode but bicyclists are considered vulnerable road users due to the expected higher
risk for their road safety. More citizens will prefer to bike mainly for short and medium distance urban trips if the bicycling
road environment is safer and more convenient. The bicycling built environment differs among cities in the same country
and districts of an urban agglomeration. There are many differences related with economic, cultural and geographical
factors. In urban areas the road environment differs between the central business district and neighborhoods. A commuter
should be able to bike in order to reach his destination with convenience and safety in the entire urban area. The most
important barriers to bicycling are the insufficient or unsafe bicycling infrastructure, shortage of bicycling amenities, high
motorists’ traffic flow and speed, and undesirable land use conditions (Litman, 2000; Eliou et al., 2009; Galanis et al., 2014).
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Municipality officials should improve the bikeability level of their city in order to promote bicycling and sustainable
transportation.

Worldwide, the levels of mobility have increased in the last decades raising concerns about increasing car use and the
impact on the external cost of transport. So it is important to enhance policies that promote public transport and reduce
private transport dependence in urban areas. There is a wide range of factors that affect the demand for public transport
such as the influence of fares, quality of service, income and car ownership (Paulley et al., 2006; Profillidis and Botzoris,
2006). An attractive and efficient public transport system should provide a level of service to its users in order to switch
from private vehicles to public transport. The improvement of service quality can be achieved by a clear understanding of
travel bahaviour and consumer needs and expectations (Beirao and Cabral, 2007). It is also useful to know about the
psychological factors that influence mode choice and the measures needed to reduce car dependence which can be achieved
through qualitative methods which can provide insights into people’s attitudes and perceptions towards transport (Guiver,
2007). If public transport is perceived from commuters to be both good and cheap, it can suppress the demand for cars.
The question is in determining at what level of public transport provision car ownership and use decisions are affected
(Cullinane, 2002).

TELEWORKING: DEFINITION, FEATURES, BENEFITS AND PROSPECTS

Teleworkers as a wider definition are those who occasionally work from home, although working mostly at traditional
places of work remote from their home, typically an office. Some confusion arises from the fact that a lot of teleworking
takes the form of a mixture of traditional workplace activity, with some days spent working at home. For more frequent
teleworkers of this type, one or two days per week at home may be typical, but less frequent patterns are also found.
Evidence from the interviews with organizations suggested that much of this is of an informal or “ad hoc” basis, agreed
between the worker and their intermediate manager, making accurate measurement difficult even within organizations in
which it is practiced. A further factor is the existence of “nomadic” workers who do not work from a fixed base, but may
be highly mobile, working partly from home, and partly at places visited in the course of work, with occasional visits to the
offices of the company.

Potential benefits and drawbacks of telecommuting can be explained by Job Characteristic Theory, which proposes
that the traits and tasks of the job itself affect employees’ work attitudes and behavior (Oldham and Hackman, 2005). If
there are five characteristics of a job (skill variety, task identity, task significance, autonomy, and feedback), then the
employee in that job will experience more internal work motivation, satisfaction with personal growth opportunities,
general job satisfaction and higher job performance (Hackman and Lawler, 1971; Botzoris et al., 2016; Gajendran and
Harrison, 2007).

The most obvious benefit of teleworking is reduced commuter (home to work) travel. For the employee, this will
provide benefits through reduced time spent in traveling, and savings in fuel costs, public transport fares, etc. Additional
benefits, although harder to measure, may come from reduced stress associated with commuting, the ability to work
uninterrupted at home, and the ability to deal with household tasks during the working week. For the employer, reduced
travel time and cost may provide indirect benefits through higher productivity during hours worked, and also the possibility
of more hours being worked per day where travel time is replaced by work time.

On the other hand, the individual worker may experience some feelings of isolation and possible loss of status in the
workplace. Additional costs may be incurred in lighting and heating of the home, and provision of office space. The
employer may lose the ability to control the quality of work being undertaken, and there may be a loss of the benefits of
interaction between workers. Data security may also be an issue, although in most cases organisation interviews indicated
that it may be overcome with appropriate software.

Apart from gains and losses experienced by workers and employers, there may be wider external effects, notably
through reduced home to work commuting, with consequent reduction in traffic congestion and pollution. The existing
literature provides a wide range of estimates for the net reduction in weekly travel. Studies from the USA indicate reductions
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in car mileage of between 48% and 77% on teleworking days, with a reduction of between 9% and 11% over the week as a
whole when traditional working days are also included (Balepur et al., 1998; Koenig et al., 1996; Jensen et al., 2003).

A broad indication to measure teleworking is given in Britain by the Labour Force Survey reports. It found that 2.6%
of workers worked mainly from home, 7.5% worked from home at least once a week and 23% sometimes worked from
home. Of the group working from home, 80% used computers and telephones in their work (Halford, 2005). Analysis of
the 2002-2004 data from the National Travel Survey in Britain gave a similar picture, with 3.1% working at home or within
the same building, and 96.9% usually working at another location away from home. However, a substantial proportion,
19.9% of the labour force, worked at “different places away from home” rather than the same place every day (White and
Christodoulou, 2007).

Teleworking has proven to deliver significant societal, environmental and economic benefits. Many organizations have
recognized the gains as a boon to promoting sustainable business practices and their bottom lines. Furthermore, the ability
to work efficiently from a post outside the traditional working space, by using state technological and communication tools,
reduces the need to commute, predominantly in urban areas. This working standard leads to less traffic flow, resulting in a
more sustainable transportation profile of an urban agglomeration.

QUESTIONNAIRE SURVEY

Methodology of the survey

The survey was based on a questionnaire conducted on a random sample of 531 participants (271 for Athens, 260 for
Xanthi) of different age, education level, profession and personal income through personal interviews in the years 2015 and
2016. Despite the fact that the sample was random, there was an effort to select the participants as representatively as
possible based on their demographic data. The answers of the survey were anonymous so the participants could answer
more freely especially in questions of personal income. Due to personal interview, participants were able to ask questions
and receive clarifications regarding the survey. The questionnaire was formed of 17 questions divided into three parts. In
the first part (questions 1 to 8) the participants stated on their demographic data, purchase power, possession of bicycle and
private vehicle. In the second part (questions 9 to 13) the participants stated their opinion about reducing use of private
vehicles, changing the transport mode they use in favor of sustainable transport ones, comparing the years 2008 (before the
economic crisis) and 2015-2016 (economic crisis in progress). In the third part (questions 14 to 17) the participants stated
the percentage of teleworking at home, their willingness to increase teleworking due to economic and/or other reasons, and
they also compared their productivity level at home with the one in their typical working area. Statistical analysis of the
present surveys’ results was conducted with the use of SPSS software.

Results

The results of the questions 1 to 4 are presented in Figure 2. The participants answered about their age (question 1),
gender (question 2), education level (question 3) and profession (question 4). Citizens of all age groups, education level and
profession participated in our survey. The results of the questions 5 and 6 are presented in Figure 3, where the participants
answered about the level of their annual income (before taxes) for the year 2008 (before the economic crisis) and the years
2015-2016 (economic crisis in progress). There were five income levels: until 5,000€, 5,001€-10,000€, 10,001€-15,000€,
15,001€-20,000€, >20,000€. The results revealed that there was a general reduction of the citizens’ income during these
years of economic crisis. About 45% of our participants stated that their personal annual income (before taxes) in the years
2015-2016 was under 5,000€. Only in Athens were noticed some participants with annual income level over 20,000€
(14.9%) comparing to the city of Xanthi (1.5%).

The results of the questions 7 and 8 are presented in Figure 4. The participants answered about the possession of
private car or bicycle comparing the years 2008 and 2015-2016. In these years there was a reduction of the private vehicles
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number per family (from 1 or 2 to 0 or 1) and an increase of bicycle possession for the examined cities. It is also clear that
despite the economic crisis in the years 2015-2016 the “1 or 2 private car possession per family” in Athens (58.9%) was
higher than in the city of Xanthi (40.7%). Furthermore, there was not a significant difference in the bicycle possession in
the cities of Xanthi (13.1%) and Athens (15.7%).
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Figure 2  Demographic data of the survey.

The results of the questions 9 and 13 are presented in Figure 5. The participants answered about the reduction of
urban trips with private vehicles during the years of economic crisis for both utilitarian and recreational trips. Furthermore,
they answered about their willingness for further reduction of urban trips with private cars for both utilitarian and
recreational trips. It is clear that in both cities there is a general reduction of car use in urban trips and willingness for
further reduction of more than 50% of the participants in the survey for both cities. The participants also answered about
their willingness to use other transport mode (walking, bicycling, and public transport) in order to reduce urban trips with
their private car, for both utilitarian and recreational trips for a travel distance <2 km and >2 km. Finally, the participants
answered about the reasons for not walking or bicycling for urban trips before the beginning of economic crisis (year 2008),
and the reasons for walking and bicycling during the years of economic crisis.
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Figure 3  Personal income (before taxes) comparing the years before and during the economic crisis.
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Figure 4  Possession of private vehicle and bicycle comparing the years before and during the economic crisis.

Figure  6 illustrates the results of the questions 14 to 17, regarding issues of teleworking. The 50.9% of the
participants answered that they sometimes telework in the city of Athens and the 19.9% in the city of Xanthi. The 52.4%
were willing to increase teleworking in Athens and the 31.7% in Xanthi. The 49.1% of the participants in Athens and the
30.8% in Xanthi stated that teleworking is as productive comparing to physical presence in working site. The main reasons
to increase teleworking were the reduction of transport cost (24.8% in Athens and 33.6% in Xanthi), travel time (33.2% in
Athens and 19.6% in Xanthi) and convenience (26.5% in Athens and 30.6% in Xanthi).
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Question 12 - Reasons* not using these transport modes for urban trips before the beginning of economic crisis (2008):
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Figure 5  Change of travel behaviour comparing the years before and during the economic crisis.
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Figure 6  Present situation and future prospects of teleworking.

CONCLUSION

The main conclusions of this survey are the following:
Personal income was severely reduced due to economic crisis. 45% of the participants stated that their personal
annual income (before taxes) in the years 2015-2016 was under 5,000€. Only in Athens were noticed some
participants with annual income level over 20,000€ (14.9%) comparing to the city of Xanthi (1.5%). In the year
2008, the corresponding personal annual income (before taxes) under 5,000€ was 28.4% in Athens and 41.6% in
the city of Xanthi and over 20,000€ was 23.8% in Athens and 11.3% in the city of Xanthi. As a result, more people
live in economic conditions far lower, compared to the period before the economic crisis, affecting their working
status and travel ability.
Possession of private car has changed during the years of economic crisis. Before the economic crisis (year 2008),

[66]



EinT2016 - 2rd International Conference “ENERGY in TRANSPORTATION 2017”

families with possession of 2 or more privates cars were 67.8% in Athens and 47.9% in the city of Xanthi. During
the economic crisis (years 2015-2016), the corresponding percentage has dropped to 58.9% in Athens and 40.7%
in the city of Xanthi. It is obvious that economic crisis has affected negatively the possession rate of private cars
per family.
Possession of bicycle has also changed during the years of economic crisis. Before the economic crisis (year 2008),
the possession percentage of bicycle was 7.2% in Athens and 9.2% in the city of Xanthi. During the economic
crisis (years 2015-2016), the corresponding percentage has increased to 15.7% in Athens and 13.1% in the city of
Xanthi. It is obvious that economic crisis has affected positively the possession of bicycles favoring its use.
There is distinctive decrease of intensive use of private cars for both utilitarian and recreational purposes and
strong willingness to increase walking and bicycling. In the city of Athens the reduction of urban trips with private
cars during the years of economic crisis was 55.4% for utilitarian trips and 43.9% for recreational trips. The
corresponding percentage in the city of Xanthi was 48.7% for utilitarian trips and 68.7% for recreational trips.
The main reasons to increase walking during the years of economic crisis were the reduction of personal income
(83.3% in Athens and 61.6% in Xanthi) and the improvement of health/other reasons (32.1% in Athens and
33.1% in Xanthi).
The main reasons to increase bicycling during the years of economic crisis were the reduction of personal income
(78.5% in Athens and 52.2% in Xanthi) and the improvement of health/other reasons (18.5% in Athens and
44.1% in Xanthi).
Issues of road safety (67.3% in Athens and 34.7% in Xanthi) and weather conditions (22.4% in Athens and 54.4%
in Xanthi) were the main reasons not bicycling before the beginning of economic crisis.
Participants were willing to increase teleworking (52.4% in Athens and 31.7% in Xanthi). Reduction of transport
cost (24.8% in Athens and 33.6% in Xanthi), travel time (33.2% in Athens and 19.6% in Xanthi) and convenience
(26.5% in Athens and 30.6% in Xanthi) were the main reasons to increase teleworking.

The results and conclusions of this survey can help state officials to promote sustainable transportation implementing
relative actions in order to increase the sustainability level of the city, improve business productivity and upgrade citizens’
quality of life.
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ABSTRACT 
Car dependency along with the intensive use of conventional fuels have resulted in high environmental pollution and increased energy 

consumption. Current EU policy is setting emission mitigation and energy efficiency as priority pillars in national, regional and European 
environmental policies, leading the path towards sustainability in the transport sector. The European CIVITAS initiative aims to address the 
rising challenges in the transport sector and CIVITAS DESTINATIONS project, launched in 2016, is the first project to take into account 
the impact of high tourism flow on mobility infrastructure. Six European island tourist destinations (Rethymno, Limassol, Valletta, Funchal, Las 
Palmas and Elba) will demonstrate innovative mobility solutions, combining state of the art technology, soft measures, local policies and behavioural 
changing techniques. Rethymno is the first Greek city to participate in the initiative, following the existing strong vision of the Municipality towards 
sustainability. Within the project, Rethymno will implement a total of 14 measures in order improve the overall urban mobility and address the 
impact of seasonality in transport demand during the touristic period, in terms of heavy congestion, poor air quality, noise pollution and high energy 
consumption. The demonstration actions foreseen in Rethymno cover a wide range of thematic areas related to sustainable transportation: car-
independent lifestyle, electric vehicles and clean fuels, transport telematics, urban freight logistics, collective passenger transport, tourist mobility services, 
demand management strategies, safety and security. The existing Sustainable Urban Mobility Plan (SUMP) will be upgraded and specific measures 
will be developed in conjunction with SUMP, following a holistic approach. The integrated implementation of the mobility measures aims to 
maximize the environmental benefits and create a sustainable, safe and energy efficient mobility system. The evaluation of the measures’ effectiveness 
is strongly incorporated into the core of the project, as a key element to facilitate replication and upscaling of identified best practices. The developed 
assessment framework consists of a set of monitoring indicators to evaluate the transportation, environmental, economic and social aspects of each 
measure in the participant sites. Building on previous experience, the Technical University of Crete (TUC) undertook the refinement of the assessment 
framework in terms of environment, energy and economy, including indicators for emissions, noise, pollutant levels, energy efficiency, costs and revenues. 
Data collection and impacts calculation tools provide a comprehensive overview of the environmental assessment. Rethymno foresees outcomes regarding 
the total reduction of GHG emissions and the total energy savings. 

INTRODUCTION 

The European targets are set clearly towards the smart and sustainable growth of the transport sector. The transport 
sector, following the goals defined by the Kyoto Protocol, needs to reduce the GHGs emissions by 60% compared to 1990 
levels by 2050 (European Commission, 2011). The European Commission has stressed the need to address the urban aspects 
of transport and the reduction of energy consumption within the transportation sector (European Commission, 2016), along 
with complementary initiatives aiming to introduce a new era for the transport sector towards clean energy and smart systems 
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(European Commission, 2017). 
Although transport policies set sustainable mobility as a pillar within their environmental goals and strategic guidelines, 

mobility habits and tourism- related mobility challenges within the urban environment are rarely studied. A Norwegian 
research study highlights the impact of tourist travel in environmental aspects, leading to a significant amount of air pollution. 
As the study strongly suggests, sustainable tourism should be highly linked to sustainable mobility, not only in terms of 
transport means and technology, but also in terms of mobility habits, in order to address this challenge in the future 
development of tourism (Høyer, 2000).  

The environmental impacts of tourism transportation and leisure travel are directly affecting not only the global climate 
change, but also the local environment of popular destinations, in terms of energy consumption and traffic load that are 
highly increased due to the added needs of the incoming tourists.  However, another study presents recommendations on 
how to best link transport and tourism for the benefit of the destinations and indicates that the transport sector can actively 
encourage tourism growth by infrastructure improvements, including the cost effectiveness of transport services and the 
improved accessibility of destinations (Kweka, 2004). Destinations could target to the increase of alternative transport modes, 
such as public transport, by implementing strong promotional actions.  Therefore, it is in the best interest of tourist 
destinations to implement appropriate mobility solutions that will strengthen the tourist sector by providing and promoting 
attractive transport options and high-quality services to the visitors. 

The gap between urban mobility and tourism is currently addressed by the CIVITAS DESTINATIONS project, one 
of the demonstration projects of the European CIVITAS initiative, funded by the European Commission within the 
framework of the Horizon 2020 programme. The project was launched in 2016, involving six island European destinations 
(Mantero, 2017).  

This study aims to present the case of Rethymno municipality, one of the demonstration areas of the project. Rethymno 
will demonstrate a set of targeted mobility measures to address the rising challenge of tourist fluctuation and mobility demand, 
aiming to improve convenience for citizens and visitors and to become a sustainable tourism destination.  The mobility 
solutions will be evaluated according to the Impact Assessment Framework developed by the consortium. This study will 
demonstrate briefly the evaluation process and impact indicators adopted by Rethymno in terms of energy and environment. 

THE CIVITAS DESTINATIONS PROJECT 

The initiative, launched by the European Commission in 2002, is one of the main EU initiatives in the area of sustainable 
urban mobility. The cities, which participate as living laboratories, aim to demonstrate and promote high-quality mobility 
services for all citizens, upgraded urban public spaces and environmentally friendly solutions through sustainable 
interventions.  

The project, launched in the fifth phase of the CIVITAS H2020 Projects (2016-2020), is the first project targeting 
mobility in touristic destinations. The challenges rising by the touristic flows that affect the local transport systems, the 
environment and the quality of life, are recognised and addressed by targeted mobility strategies, through an integrated 
approach, including state of the art technology, soft measures, local policies and behavioural changing techniques. Six urban, 
insular areas are participating in the project: Funchal (Madeira, Portugal), Las Palmas de (Gran Canaria, Spain), Limassol 
(Cyprus), La Valetta (Malta and Gozo), Elba (Italy) and Rethymno (Crete, Greece). Cooperation with China is also 
incorporated into the main activities of the project, as the cities of Ningbo and Haikou will collaborate with the CIVITAS 
DESTINATIONS sites and exploit best practices. 

The project aims to target the resident and tourist mobility demand with a holistic and integrated planning approach 
and deliver transport and mobility strategies, integrated solutions, well-established collaboration schemes between the public 
and private sector and sustainable business models at the destinations. Overall, the project will build on a strong coordination 
between mobility and tourist services that is highly needed in the peak touristic periods. 

The innovative urban mobility measures provide the opportunity to test new solutions and identify the best practices to 
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be implemented in other touristic cities that face the same challenges.  The project has incorporated the impact evaluation of 
the demonstrated measures as a key priority that will identify the efficiency and replicability of each measure. Building on the 
existing methodological framework that was improved over the years (CIVITAS Meteor, Guard, Pointer, Wiki, Satellite).  The 
project proposed targeted transport, environmental, economic and social indicators adapted to the special need of the cities. 

 

SUSTAINABLE MOBILITY FOR RETHYMNO 

Demonstration area profile 

Rethymno municipality is located in Crete, in Southern Greece (Figure 1). It was enlarged in 2011 by the unification of 
4 pre-existing municipalities. The city of Rethymno is the third largest city in Crete and lies on the northern coast of the 
island. The municipal area covers 397,48 km2 and has a total population of 63.000 inhabitants, while the city of Rethymno 
has 32.468 inhabitants (Hellenic Statistical Authority). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Location of the demonstration area (Municipality of Rethymno, Crete, Greece). 

 
Rethymno, a member of the Covenant of Mayors’ initiative since 2011 and of the Mayors Adapt initiative since 2014, 

incorporates the pillars of sustainability into the core of the mobility and urban development strategies, implementing over 
the years significant projects in favour of pedestrians and cyclists. Rethymno provides a cycling network of almost 12 km and 
a 2 km walking route along Rethymno beach, while the historic old city is a car free area during the summer period. However, 
the estimated average modal split indicates the strong preference of the citizens towards private vehicles, according to which 
the 60% corresponds to car users, following by 20% of walking, 10% of public transport, 5% of cycling and 5% of a taxi. 

The energy consumption and CO2 emissions of the municipal transport activities are reported in the municipal 
Sustainable Energy Action Plan (SEAP). The public transport’s fuel consumption was increased by 108%, between the years 
2011 and 2015, due to the increased distances served by the public buses, while the fuel consumption of the municipal fleet 
and the private vehicles (including commercial use) was decreased by 5,9% and 33% correspondingly. The total CO2 emissions 
of the municipal transportation system in 2011 corresponded to 65.967 tn CO2 while in 2015 the total emissions corresponded 
to 45.184 tn CO2, demonstrating a significant decrease by 35% (Municipality of Rethymno, 2016).  

Crete is a very popular tourist destination, attracting around 6 million tourists per year (14% of the total tourist arrivals 
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in Greece), while the total number of Rethymno’s visitors rises up to 500.000 throughout the touristic season, from April to 
October. The average hotel occupancy during the peak of the touristic period, in July and August, reaches 85% and about 
25.000 tourists are added to the 48.500 residents of the metropolitan area of Rethymno. The population has increased by 
50% due to high touristic inflow and the impacts in the city’s main operating systems are significant (Hellenic Statistical 
Authority).  

Concerning tourists’ transportation, traffic congestion within the city of Rethymno and the links with key regional 
destinations are identified as the main problems that lead to increased use of rented cars by tourists. Due to its central location 
and because of the many archaeological sites, historic monuments, clear beaches, traditional villages, cultural events and 
famous gastronomy, it attracts more than 1.5 million visitors on day tours and cruises annually. During the peak season, the 
added load of commuters cannot be adequately addressed by the public transport and mobility services of the municipality, 
which are preferred only for specific destinations and cannot cover the transport needs of the whole region with convenient 
and attractive options.  

Private vehicles and rented cars appear to be the main preferred option for tourists and residents, which negatively 
impacts the area in terms of congestion, energy consumption, noise and air pollution and limited parking spaces. The above-
mentioned characteristics of Rethymno highlight the need to address the mobility and tourism related challenges, improve 
transportation services and enable behavioural change towards alternative and environmentally friendly mobility modes.  

Sustainable mobility strategies 

Rethymno is the first Greek city to participate in the European initiative and the participation in DESTINATIONS 
provides a unique opportunity to face the urban and regional mobility challenges in an innovative and overarching approach, 
by the development of the mobility solutions serving both residents’ and tourists’ needs.  The overall targets of Rethymno 
include the improvement of urban accessibility and safety, the reduction of emissions and energy consumption, the increased 
quality of air and public spaces and the improvement of the cost effectiveness of transport services. 

Within the project, Rethymno will demonstrate a set of 11 demonstration measures, according to the 10 thematic areas 
of the initiative that are related to multiple aspects of sustainable mobility, involving actions related to car-free mobility, clean 
fuels and fuels, collective passenger transport, freight logistics, demand management and integrated planning, mobility 
management and transport telematics, public involvement, safety and security strategies. The action plan includes 
interventions, improvements and awareness raising activities, which will actively contribute to the behavioral change and the 
environmental targets set. The on-going demonstration measures are described in Table 1 below. 

 
Table 1.   Demonstration measures in Rethymno (CIVITAS DESTINATIONS, 2016) 

Measure Code - Title Measure Description CIVITAS pillar 
M1 - Strategic Urban 
Mobility Plan (SUMP) 
Integrating Tourist 
Mobility 

Upgrade of the existing SUMP taking into account the mobility patterns 
and needs of visitors in order to address adequately the impact of tourist 
inflow on the transport system, in city and prefecture level. SUMP 
development includes the strong engagement of stakeholders and the 
monitoring of social, economic and environmental aspects of local 
mobility through a SUMP observatory.  

Integrated 
planning 

M2 - Smart systems 
for urban planners, 
PT operators and 
users 

Smart IT systems and an online platform to gather, analyse and monitor 
real-time data, including mobility patterns, traffic load, PT use, user’s 
feedback and environmental indicators. New SMART Car Parking 
Management System aiming to reduce excessive car circulation. 

Transport 
telematics 

M3 - Active healthy 
and inclusive mobility 
for all 

Improved integration of walking/cycling networks into the public 
transport system. Introduction of new routes, new/improved signage and 
better links between services for promoting the “Car-Free Life” lifestyle. 
Specific actions to improve the accessibility of the main attraction points 

Car-
independent 
lifestyles 
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for impaired people, by improving the existing equipment and 
infrastructure. 

M4 - Mobility Plan 
for schools/ 
University 

Mobility plans for schools and the University to address mobility 
challenges in the surrounding areas and to increase safety. Improvement 
of PT routes and redesigning of public space, along with awareness 
campaigns to increase the capacity of the young generation towards 
alternative and safe mobility. 

Safety and 
security 

M5 - Uptake of 
electric vehicles by 
fleet operators 

Launch of charging stations for electric vehicles in the area, aiming to 
unlock the use of clean vehicles and contribute to the reduction of GHGs 
emissions. To further promote EVs, targeted awareness campaigns and 
incentives to fleet operators will be introduced. 

Clean fuels 
and vehicles 

M6 - Building a 
sharing mobility 
culture 

A web-based application will provide the necessary services for sharing 
management of various modes to shift the current single occupancy car 
towards the sharing of vehicles to reduce car trips and the corresponding 
emissions of pollutants. Optimisation of the existing bike sharing system 
and infrastructure, including new sharing stations, new bikes and e-bikes. 

Demand 
management 
strategies 

M7 - Sustainable 
Freight Logistics Plan 
(SULP) 

A SULP will be developed involving the demand and supply side in order 
to decrease the traffic load from goods distribution and the corresponding 
air pollution. The operation of a unified freight delivery system in the 
historic center will be studied. 

Urban 
freight 
logistics 

M8 - Cooperative 
mobility on a UCO to 
biodiesel 
transformation chain 

The existing Used Cooking Oil (UCO) collection system will be expanded.  
New business models will be studied to transform and exploit UCO 
locally. Smart collection bins will be launched and an urban waste 
collection truck will use the produced biodiesel as alternative fuel. 

Clean fuels 
and vehicles 

M9 - New products 
and services 
combining tourism 
and mobility 

Operation of a Sustainable Mobility Agency to coordinate all transport 
activities and to promote sustainable mobility plans aiming to shift 
tourists’ choices towards sustainable mobility options and increase cycling, 
walking and PT use. New thematic “car-free” to key attractions will be 
launched. 

Mobility 
management 

M10 - Introducing 
electric vehicles for PT 

Launch of electric vehicles in the municipal fleet. An e-mini bus, accessible 
to disabled people and an electric car will be circulated in order to 
promote clean vehicles and reduce pollutant emissions and noise. 

Clean fuels 
and vehicles 

M11 - Improved PT 
for tourists and 
citizens 

New thematic route and excursions for cruise passengers will be launched 
to improve PT services, along with smart bus stops with real time travel 
information, info packages and bike racks in selective bus routes. This 
measure aims to increase the use of collective transport and reduce car 
trips that add significantly to congestion and air pollution. 

Collective 
passenger 
transport 

ENVIRONMENTAL AND ENERGY IMPACT ASSESSMENT  

The project’s assessment methodology is based on the initiative’s Impact and Process Evaluation Framework 
(SATELLITE, 2016), which is further refined in order to form a measure based evaluation process and evaluate the individual 
impact of each targeted measure (CIVITAS DESTINATIONS, Methodological Framework for Impacts Monitoring and 
Evaluation Guidelines, April 2017, internal document). 

The project assessment framework a consists of a set of common indicators, guidelines and scenarios to be appropriately 
adopted by the cities for the efficient monitoring and evaluation of the defined transport, economic, societal and 
environmental impacts in measure, city and project level. The cities select the most suitable indicators according to the local 
strategy and are responsible for conducting the evaluation with the support of the dedicated Local Evaluation Managers that 
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will conduct the environmental assessment in each city.  
 

Evaluation process of Rethymno  

In order to appropriately identify the measurable impacts of the demonstration measures, Rethymno implements the 
evaluation process proposed by the project.  

The Technical University of Crete (TUC) is the Local Evaluation Manager of Rethymno and has undertaken the 
environmental assessment of the city and the monthly collection of the environmental indicator data. At the project level, 
TUC is also responsible for the refinement of the framework in terms of environment, energy and economy, towards the 
project specific aspects and added new indicators to properly evaluate the demonstration measures. 

The most important step in the evaluation process is the selection of the appropriate indicators which will clearly present 
the impact of the implemented measures and provide significant insights regarding the effectiveness of the measures under 
the specific conditions of the city. A set of environmental indicators has been attributed to each one of Rethymno’s measures. 
Although the assessment framework can be applied at city or project level, TUC will assess every measure independently in 
order to achieve an extensive and complete environmental evaluation. The indicators’ set to evaluate the environmental and 
energy impacts of the demonstration measures in Rethymno is presented in Table 2 and Table 3 (Tournaki et al., 2017). The 
monitoring and evaluation require either estimation according to calculating tools or direct data collection with the support 
of appropriate equipment or the conduction of surveys.  

 
Table 2.   Environmental indicators selected by Rethymno (Tournaki et al., 2017) 

Environmental 
Indicator 

Data Collection 
Method Units Source 

CO2 emissions Calculation t/a saved emissions of CO2 g/vkm  SATELLITE 
CO emissions Calculation t/a saved emissions of CO g/vkm  SATELLITE 
NOx emissions Calculation t/a saved emissions of NOx  

g/vkm  SATELLITE 

VOC emissions Calculation t/a saved emissions of HC g/vkm TUC 
PM emissions  Calculation t/a saved emissions of air 

particulates g/vkm  SATELLITE 

CO2 levels Measurements g/m3, total and per resident % 
drop compared to 1990 level TUC 

CO levels Measurements g/m3, total and per resident  SATELLITE 
NOx levels Measurements g/m3, total and per resident  SATELLITE 
VOC levels Measurements g/m3, total and per resident TUC 
PM levels  Measurements µg/m3, total and per resident  SATELLITE 

 
Table 3.   Energy indicators selected by Rethymno (Tournaki et al., 2017) 

Energy 
Indicator 

Data 
Collection 

Method 
Units Source 

Noise 
perception 

Survey % of people troubled by transport 
noise 

 SATELLITE 

Vehicle Fuel 
Efficiency Calculations MJ/km, Fuel used per vkm, per vehicle 

type (annual average)  SATELLITE 

Fuel mix Calculations % of fuel used by vehicle type  SATELLITE 
UCO collection Measurements UCO L collected/capita annually TUC 

 
According to the project’s assessment methodology, Rethymno will conduct an ex-ante & ex-post evaluation before and 
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after the implementation of the measures in order to track the progress. The initial data collection will complete the baseline 
of each measure, the intermediate data collection, when necessary, will indicate the progress made during the demonstration 
and finally, the ex-post evaluation at the end of the measure will provide a concrete comparison with the targets set by the 
ex-ante evaluation. Assessing the evolution of the impacts will define the elements that affect the environmental outcome of 
the measures.  

Certain demonstration measures will be implemented in a wider geographical range, affecting the general population, 
while other measures include targeted actions that will affect mainly the demonstration area and specific target groups. In 
order to fully access the impacts of each measure, the evaluation process will be applied at different levels per measure, in 
terms of area and target user groups. Table 4 presents the implementation area, the target group and the environmental and 
energy related indicators selected by Rethymno for the evaluation per each measure. 

 
Table 4.  Indicators, implementation area and target group per measure 

Measure  Selected indicators Implementation area Target group 
M1 CO2, CO, Nx, HC, PM 

emissions and levels, Noise 
perception 

City  Public Authorities, decision makers, 
Urban planners 

M2 - City Transport service provider, Urban 
planners 

M3 CO2, CO, Nx, HC, PM 
emissions  

Demonstration area Residents and visitors, including 
impaired people 

M4 CO2, CO, Nx, HC, PM 
emissions,  

Demonstration area Schools and University communities 

M5 CO2, CO, Nx, HC, PM 
emissions, Vehicle Fuel 

Efficiency, Fuel Mix 

Demonstration area Residents and visitors, Fleet 
operators 

M6 CO2, CO, Nx, HC, PM 
emissions  

Demonstration area Residents and visitors, sharing 
mobility service providers 

M7 CO2, CO, Nx, HC, PM 
emissions and levels, Noise 

perception, Vehicle Fuel 
Efficiency 

Demonstration area Residents and visitors, Logistics 
companies 

M8 Vehicle Fuel Efficiency, Fuel 
Mix, UCO collection 

Demonstration area  Residents and visitors, Fleet 
operators 

M9 CO2, CO, Nx, HC, PM 
emissions  

City Residents and visitors, tourism 
stakeholders 

M10 CO2, CO, Nx, HC, PM 
emissions, Vehicle Fuel 

Efficiency, Fuel Mix  

Demonstration area Residents and visitors, PT operator 

M11 CO2, CO, Nx, HC, PM 
emissions  

City Residents and visitors, PT operator, 
tourism stakeholders 

Environmental impact assessment methods 

The environmental indicators were briefly introduced in the previous section. Indicators of pollutants are presented in 
two major categories: Pollutant emission and pollutant levels. Each category requires a different method for evaluation.  

The indicators of CO2, CO, NOx, VOC and PM Emissions correspond to the tonnes of emissions saved or avoided 
and will be estimated for each measure separately. The saved emissions are calculated with the following formula (Tournaki 
et al., 2017): 
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 (1) 

where: 
A = Total emissions of pollutant i saved (tonnes)  
B = Total vehicle-kilometres avoided of vehicle category j using fuel m (km) 
C = Pollutant i emission factor for vehicle category j using fuel m (g/kg fuel) 
D = Fuel consumption rate of vehicle category j using fuel m (g/km)  
Pollutant i = CO2 or CO or NOx or Particulate Matter (PM) or Volatile Organic Compounds (VOC).  
 
In order to convert grams of fuel consumption to kg and grams of pollutant emissions saved to tonnes, the factor 10-9 

is incorporated into the equation. The calculation requires the exact vkm avoided by the implementation of the measure and 
the appropriate emission factors for each vehicle category.  

Additionally, the indicators of CO2, CO, NOx, VOC and PM levels will be evaluated for the measures M1 - Strategic 
Urban Mobility Plan (SUMP) Integrating Tourist Mobility and M7 - Sustainable Freight Logistics Plan (SULP) by monitoring 
stations with integrated sensors. Rethymno will place monitoring equipment to existing meteorological stations in specific 
points of the city to conduct constant measurements and obtain real time data for multiple air pollutants. The operation of 
fixed environmental monitoring stations will provide continuous monitoring of the environmental indicators in key points in 
the city that are directly affected by traffic conditions. Additional portable systems will be used to obtain environmental data 
for specific areas during the planned evaluation periods (before and after) for a more comprehensive approach.  

Energy impact assessment methods 

The detailed description and calculation tools of the indicators for the assessment of energy impacts are presented 
below. 

The Vehicle Fuel Efficiency indicator corresponds to the energy consumption per unit of transport activity. Every 
mode of transport has specific energy efficiency, according to vehicle type and fuel type. For the calculation of this indicator, 
the fuel type for a variety of vehicles is required and data should be obtained from existing databases and fleet operators. 
Vehicle Fuel Efficiency is calculated according to the formula presented below (Tournaki et al., 2017).  

  (2) 

where: 
FE = Vehicle Fuel Efficiency (MJ/km)  
B = Total vehicle-kilometers driven of vehicle category j using fuel m (km) 
C = Fuel consumption rate of vehicle category j using fuel m (g/km)  
D = Energy density of fuel m (MJ/g). 
The vehicle fuel consumption per km in L/vkm should be converted to energy consumption per kilometer (MJ/vkm). 
 
The indicator Fuel mix per vehicle type corresponds to the share (%) of transport fuel for each type of fuel for every 

vehicle during the evaluation period.  The calculation can be made per vehicle type, either targeting the public transport fleet 
or including also private vehicles.  

The noise perception indicator is based on levels of satisfaction with the existing noise for both day and night time 
conditions and it will be monitored through a questionnaire survey with a specific structure.  
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The “Used cooking oil (UCO) collection” indicator corresponds to the collected UCO in liters per resident annually 
in the demonstration area. In the case of an existing UCO collection network, as in the case of Rethymno, the assessment of 
the current situation and the collected UCO is required for the baseline of the measures in order to set a clear starting point.  

 
 

DISCUSSION 

An initial ex-ante evaluation of the measures presented promising outcomes for Rethymno as a result of the 
implementation of some measures. In terms of air pollution, only the implementation of Measure M7 - Sustainable freight 
logistics plan is expected to reduce emissions by 34.909 kg CO2eq while M10- Introducing an electric vehicle for PT is 
expected to reduce emissions by 10.036 kg CO2eq/year. M1- Sump Integrating Tourist Mobility, that will be the base of most 
demonstration measures, is expected to result in a 10% decrease in the total GHG emissions, saving about 3.010.531 kg 
CO2eq/year. In terms of energy savings, it is estimated that only from the measure M6 Building a sharing mobility culture is 
estimated to save energy by 61.815.019 kWh. Regarding the overall environmental benefits, it is estimated that the total 
reduction of GHG emissions will reach 5.692.646 kg CO2 eq/year, while the total energy savings will be up to 77.585.169 
kWh/year.  

However, the actual evaluation of the measures will be based on quantified results and data from the monitoring of the 
environmental and energy indicators that are selected for the impact evaluation of the measures. As described in the previous 
sections some of the selected indicators require a demanding data collection. Rethymno will address the lack of data by 
operating appropriate monitoring equipment to collect environmental data in real time and built a concrete database. 
Additionally, the cooperation with relevant actors who could provide reliable data through external databases, such as the PT 
operator and other mobility stakeholders, is foreseen.  

At the end of the project, Rethymno aims to build a powerful database and monitoring infrastructure, expand the new 
monitoring equipment and ITS systems, increase expertise and capacity and to shape future policies based on best practices 
and lessons learnt through the evaluation process. 

CONCLUSIONS 

Rethymno is the first Greek city which participates in the European initiative CIVITAS. Rethymno is one of the six 
urban sites participating as living laboratories in the CIVITAS DESTINATIONS project, which targets mobility in EU tourist 
destinations. The Municipality of Rethymno will implement as a set of complementary mobility solutions to address the 
identified problems of the mobility and tourism sectors that are affected by the intense tourist fluctuation. The demonstration 
measures aim to improve the local mobility services and transport infrastructure and provide attractive and competitive 
mobility solutions for residents and tourists alike, improve urban accessibility, reduce air pollution and energy consumption, 
enhance the city’s profile as an environmentally friendly destination and increase the quality of life for all. 

The project provides a refined impact assessment framework that is adapted to each site accordingly to their needs and 
goals. The study presents the evaluation process which will be implemented by Rethymno municipality under the scope of 
the project. The selected environmental and energy indicators are described, along with the method and tools to be adopted. 
TUC team is responsible for the overall impact assessment in the city of Rethymno as the Local Evaluation Manager, also 
leads the environmental, energy and economy indicators assessment for the whole project’s area. The environmental 
evaluation process for each measure includes ‘before-and-after’ evaluation periods, with additional intermediate 
measurements to track the measures progress and compare expected and achieved results. 

An integrated evaluation process can be a powerful tool for cities in order to exploit good practices and adjust possible 
mobility measures to their specific conditions, based on data and quantified results. The evaluation framework proposed by 
the project and adopted accordingly by Rethymno in a tailor-made approach can provide provides to cities a flexible but 
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concrete method to assess targeted actions and shape mobility and environmental policies.  
Besides the environmental benefits that are analysed in the study, Rethymno also foresees promising results in other 

aspects that will contribute to the overall sustainable development of the area. The demonstrating measures will enable 
behavioural change towards sustainable mobility choices, provide competitive products for tourists and attract more visitors 
and enhance the local economy, in terms of job creation and funding opportunities. The overall ambition of Rethymno is to 
achieve positive results in all sectors and become a lighthouse example for other cities in Greece and Europe. 
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PT         =     Public Transport 
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ABSTRACT 
An operational model and a method that can be used for analyzing the current driving and surrounding traffic conditions are proposed in 

order to support the identification of energy “hot-spots” in heavily congested urban networks. The model can be macroscopic or mesoscopic and the 
method is based on the distribution analysis of velocity measurements that are recorded by GPS devices installed on vehicles. Following the analysis 
of the GPS velocity data from participating vehicles, a route, road or road segment may be identified as an energy “hot-spot”. Τhe energy 
identification considers the impact of velocity on real area-wide energy use, as revealed from the fleet of participating vehicles, and can be updated 
given new fleet management data. The updating process allows the model to be adaptive, and its output can therefore support eco-driving and 
adaptive network traffic management and control strategies to be implemented in the areas under study.  The model is tested with real-world data 
from Cairo, Egypt, a city well-known for its heavy traffic conditions. The selected routes surround Cairo International Airport, which is the 
international airport of Cairo and the busiest in Egypt. 

INTRODUCTION  

Identification of different types of hot-spot is an important traffic management tool, and can provide substantial 
support for reducing risk and improving overall conditions in traffic networks. The hot-spots can indicate a wide range of 
problems in a traffic network, and this depends on the type of input data and output indicators that are used in the 
identification process. Certain studies focus on the identification of safety related hot-spots, also known as accident-prone 
locations (Cheng and Washington, 2008). Other studies deal with the identification of energy related hot-spots and air-
quality related hot-spots, aiming at improving the network and its surrounding area from an environmental perspective 
(Sanchez et al., 2017). In this study, a model and a method for identifying energy hot-spots are proposed, based on the 
distribution analysis of velocity measurements that are recorded by GPS devices installed on vehicles.  

The model can be valorized to mitigate serious environmental issues, such as the high energy consumption caused by 
traffic congestion; and the related environmental health risks, especially in urban areas (EEA, 2015). Detailed studies on the 
identification of energy hot-spots in traffic networks can lead to defining effective area-wide traffic management strategies, 
and supporting eco-driver assistance. The interaction between traffic flow characteristics and energy/fuel consumption 
induces complex patterns that have been studied in the literature (Akcelik, 1981; Akcelik et al., 1982; Ferreira, 1982). Key 
data for this analysis can be provided by intelligent networks and infrastructure (Kwon and Stephanedes, 1999) and by 
floating vehicle data, subject to availability of appropriate communications systems (Stephanedes et al, 1996). Floating 
vehicle data, especially velocity measurements, have been widely used for estimating the energy consumption in traffic 
networks (Du et al., 2017). However, only limited literature focuses on methods that can be used for the identification of 
energy hot-spots.  

MODEL 

The proposed model is based on the analysis of velocity measurements that are recorded by GPS devices installed on 
vehicles. Depending on the method of analysis, the model output is used for characterising a route, a road or a road 
segment as an energy “hot-spot”. The method of analysis can be macroscopic or mesoscopic. Macroscopic modelling of 
traffic flow follows assumptions by Lighthill and Whitham (1955), who indexed the comparability of ‘traffic flow on long 
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crowded roads’ with ‘flood movements in long rivers’. Macroscopic analysis can be appropriate for examining a route that 
consists of many roads or a road that consists of many road segments of similar characteristics. The output from the 
macroscopic model can then be used for characterising a route or road as an energy “hot spot”. 

The need to handle larger networks at relatively short computation time has led to the development of mesoscopic 
traffic models (Barcelo, 2010). Mesoscopic models are less computationally-intensive than microscopic models, and analyse 
transportation elements in small groups, within which elements are considered homogeneous. Typical examples include 
vehicle platoon dynamics and household travel behavior. The output from mesoscopic analysis can be appropriate for 
examining the individual road segments that compose a road or a route of a network, and determining whether they can be 
characterised as an energy “hot spot”.  

Macroscopic analysis 

A route or a road can be characterised as an energy “hot-spot” when the values of velocity recorded on it are low 
because of traffic congestion. The reason for this is that, in intense congestion, the resulting fuel consumption is high, 
resulting in high energy use. Based on this premise, the proposed macroscopic model is designed to analyse the velocity 
data from GPS devices installed on fleet vehicles. The velocity measurements will be categorised according to the route or 
road on which they occur. Next, the dataset of each route/road will be used to estimate different statistical distributions 
and, finally, the best fitted distribution to the data will be selected. The estimated mean value of velocity that is derived 
from the best fitted distribution will be the criterion used for the identification of an energy “hot spot”. In particular, if a set 
percentage threshold of the dataset carries a lower value than the estimated mean velocity, the route/road under analysis 
will be characterised as an energy “hot-spot”. For instance, if the percentage of velocities that are lower than the mean 
velocity of a route/road is higher than a threshold of 45% of all recorded velocities, the route/road is identified as an 
energy “hot-spot”. 

As a first step in the analysis, a historical database should be created for each route/road, for which velocity 
measurements are available. The measurements should refer to a relatively long time interval, so that they are adequate for a 
distribution to be fitted satisfactorily. After the selection of distribution, the mean velocity will be estimated. Next, the 
values of velocity data will be compared with the value of the mean velocity, and the percentage of data that are lower than 
the mean velocity will be calculated. If this percentage is higher than the selected threshold, the examined route/road is an 
energy “hot-spot”. 

After creating the initial historical database, application of the proposed model will be repeated at a set frequency, e.g., 
once a week. As a consequence, the model will exhibit an adaptive control component. More specifically, at the end of the 
set time period, e.g. a week, the velocity data will be updated and imported in the historical database. For each route/road, 
new distributions will be estimated using the historical data and the new entries of velocity data. The best fitted distribution 
for each route/road will be selected, and the corresponding mean velocity will be estimated. Using the updated estimate of 
mean velocity of the route/road and the percentage of velocity data that are lower than this value, it will be possible to 
investigate if the road is an energy “hot-spot”. This classification lasts for one time period, e.g., a week.  

Mesoscopic analysis 

The characterisation of a road segment as an energy “hot-spot” using mesoscopic analysis follows a method that is 
similar to macroscopic analysis. To be more specific, a road segment can be characterised as an energy “hot-spot” when the 
values of velocity that are recorded on this segment are low because of traffic congestion that results in high fuel 
consumption and energy use. The proposed model is designed to analyse the velocity data from GPS devices installed on 
fleet vehicles.  

For each road segment, the measurements of velocity will be used to estimate different statistical distributions. The 
best fitted distribution will be selected, and the mean value of velocity derived from that distribution will be estimated. If a 
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set percentage threshold of the data has lower value than the aforementioned mean value of velocity, the road segment 
under study will be characterised as an energy “hot-spot”. For instance, if more than 45% of all velocity data are lower than 
the mean velocity of a road segment, the road segment is an energy “hot-spot”. 

The first step of the process is the creation of a historical database of velocity measurements for each road segment. 
The measurements should be collected for a relatively long time interval, so that a distribution can be fitted satisfactorily. 
The next step is the fitting of various distributions to the data, and the selection of the best fitted distribution. After this 
selection, the mean value of velocity will be estimated, and the values of velocity data will be compared with the mean 
value. The percentage of data that are lower that the mean velocity will be found. If this percentage is higher than the 
selected threshold, the examined road segment is identified as an energy “hot-spot”. 

Creation of the initial historical database is the first important phase of the proposed model. After this creation, 
application of the model will be repeated at a set frequency, e.g., once a week in order to update the adaptive component of 
the model. In particular, at the end of every week, the velocity data will be updated and imported in the historical database. 
Consequently, for each road segment, new distributions will be estimated using the historical data and the new velocity data. 
Further, for each road segment, the best fitted distribution will be selected, and the updated mean velocity will be estimated. 

Based on the updated mean velocity, and the updated percentage of velocity data that are lower than this mean, it will 
be possible to investigate if the road segment is an energy “hot-spot” for that week. A road or route can then be identified 
as a “hot-spot” if the majority of its road segments are identified in this way. To be sure, without loss of generality, 
alternative functions can be used for transferring the “hot-spot” identification from the road-segment level to that of a road 
or route. 

APPLICATION 

Model application was realised with real data that were provided by a private company (SOFTEC). The data referred 
to a time interval of one month, and to various types of road with varying geometric and traffic characteristics. More 
specifically, the analysis indicated the availability of data from Cairo and New Cairo City, and from other areas in Egypt, 
such as Ismailia. For this application, four specific routes/roads were selected, which have similar characteristics. The 
selected routes/roads are depicted in Figure 1 and are presented below: 

• 1st Route: Ring Road (highlighted in blue)  
• 2nd Route: Suez Rd. – El-Thawra St. (highlighted in pink)  
• 3rd Route: El-Nasr Rd. – El-Nozha – Abou Bakr El-Sedeek (highlighted in red)  
• 4th Route: Salah-Salem St. – El-Orouba – Joseph Tito St. (highlighted in green) 

 
As illustrated in the figure, the selected routes surround Cairo International Airport (IATA: CAI, ICAO: HECA), 

which is the international airport of Cairo and the busiest in Egypt. The airport is located 15 kilometres northeast of the city 
business district, and has an area of approximately 37 square kilometres. The airport makes the surrounding road network 
an interesting case study, since it is a strong demand attractor during most of the day. The most important road in the 
airport area under study is the Ring Road, the busiest freeway of Greater Cairo metropolitan area. The Ring Road also 
serves large parts of the cities of Cairo and Giza, and is heavily congested during most of the day. 

Macroscopic application 

The proposed methodology includes both a macroscopic and a mesoscopic analysis of the available data. In this 
section, the results from application of macroscopic analysis are presented for the four selected routes. The velocity data 
time interval is a month. For the purposes of the application, the data of each of the four routes were stored in different 
files, and analysed separately. Indicatively, for illustrating this part of the methodology, part of the methodology for certain 
trips using the first route is presented in detail below. 
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           Figure 1. Routes/roads used for application of the macroscopic model (image from Google earth). 
 
• 1st Route: Ring Road  

A data sample of movements from certain trips that use the first route is shown in Table 1, where the coordinates and 
road name of origin and destination are recorded for each movement. The data include the start date and time, and the end 
date and time of each GPS recording. The most important information presented in the table relates to the values of 
velocity (km/h) from GPS devices installed on the vehicles that participate in this study. 

 
Table 1.   Data sample for the 1st Route  

 

A number of distributions were fitted on all velocity data that are available from the first route of the Ring Road 
during one month of recordings, and the most satisfactory ones are presented in the figure below, in which the probability 
density function (PDF) of velocities is indicated as f(x), and velocity is indicated as x. 
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Figure 2. Probability Density Function f(x): Fitted distributions to the velocity data (x) of the 1st route 
 

As illustrated in the figure, Weibull distribution was selected as the best fitted distribution to the data; for this 
distribution the mean velocity is 30.09 km/h. Next, all velocity data were compared to this value; 96 of the total available 
149 recordings of velocity had a value that was lower than 30.09 km/h. The percentage implied by the 96 values is 64.43% 
of the total velocity recordings for the 1st route. Assuming a threshold of 45%, the percentage 64.43% is higher than the 
threshold value. As a result, the 1st route is characterised as an energy “hot spot”. 

Summarizing, from Table 2, the first, third and fourth routes were characterised as energy “hot spots” by the model 
with data of one month. On the contrary, the second route was not an energy “hot spot” for that month according to the 
model.  

 
Table 2.   Results of macroscopic “hot-spot” identification  

Route “hot-spot” identification 
1st Route energy “hot spot” 
2nd Route not energy “hot spot” 
3rd  Route energy “hot spot” 
4th Route energy “hot spot” 
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Mesoscopic application 

For mesoscopic application, the velocity data were used during the same month and from the same four routes as in 
the macroscopic case. However, as illustrated in Figure 3, in this case the length of the routes was limited, and only the 
route parts that surround Cairo International Airport were examined.  Further, for accommodating the needs of the 
mesoscopic model, each route is divided into road segments. The number of road segments selected by the model 
depended on the length of the route, and on the size of available data for each potential segmentation.  

 
 
 

Figure 3. Routes/roads used for the mesoscopic model (image from Google earth) 
 

In particular, the 1st route (highlighted in blue) corresponds to 12km on Ring Road. After analysing the size of 
available velocity data that are recorded on this route, the model divides the 1st route into four road segments of 3 km each. 
The 2nd route (highlighted in pink) corresponds to 8km on Suez Road. Similarly to the first route, after analysing the 
available data, the model divides the 2nd route into two road segments of 3km each, and one road segment of 2km. 
Regarding the 3rd route (in red), it is divided into two road segments, as its length is only 6.5km on the El-Nasr Road; 
moreover, the available data were not adequate for accommodating more road segments. The first road segment is 3km, 
and the second is 3.5km. Finally, the 4th route (in green) corresponds to 7km on Joseph Tito St. Based on the adequacy of 
available data, the 4th route was divided into two road segments of 2km each, and one road segment of 3km.   

  The mesoscopic application and results are presented for the road segments of the four selected routes, for velocity 
data over a time period of a month (the same month as in the macroscopic case above). The data of each road segment 
were stored at different files and analyzed separately. Indicatively, for illustrating this part of the methodology, part of the 
methodology for certain trips using the first road segment of the 1st Route is presented below in detail. 

• 1st Route: Ring Road - 1st road segment 
A data sample of the first road segment is shown in Table 3, where the coordinates and road name of origin and 

destination are also recorded. Moreover, there are data on the start/end dates and times of each recording. The most 
important information presented in the table relates to the values of velocity (km/h). A number of distributions were fitted 
on the velocity data; the most satisfactory ones are presented in the figure below, in which the Probability Density Function 
(PDF) of velocities is indicated as f(x), and velocity is indicated as x. 
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Table 3.   Data sample for the 1st road segment of the 1st route 
coordinates_ORIGIN formatted_address coordinates_DESTINATION formatted_address StartDateTime EndDateTime Velocity	(km/h)

29,9542016;31,4980512 Ring	Rd 29,9540672;31,4981568 Ring	Rd 2015-04-02	06:58:34.000 2015-04-02	07:01:05.000 0.69
29,9538112;31,4976864 Ring	Rd 29,953872;31,4976704 Ring	Rd 2015-04-02	07:34:35.000 2015-04-02	07:44:03.000 17.33
29,9541312;31,4980416 Ring	Rd 29,954064;31,4981728 Ring	Rd 2015-04-03	08:11:59.000 2015-04-03	08:14:29.000 0.57
29,9542688;31,4978432 Ring	Rd 29,95408;31,4973664 Ring	Rd 2015-04-03	12:20:58.000 2015-04-03	12:25:12.000 2.36
29,9543648;31,4976064 Ring	Rd 29,9539136;31,4975296 Ring	Rd 2015-04-03	17:20:56.000 2015-04-03	17:21:43.000 10.36
29,9540288;31,4978208 Ring	Rd 29,9541888;31,49792 Ring	Rd 2015-04-04	03:51:32.000 2015-04-04	03:52:04.000 3.66
29,9538208;31,4974944 Ring	Rd 29,9539808;31,4973952 Ring	Rd 2015-04-11	04:08:36.000 2015-04-11	04:09:16.000 2.93
29,9541728;31,497504 Ring	Rd 29,9543808;31,4968256 Ring	Rd 2015-04-11	04:16:31.000 2015-04-11	04:19:56.000 3.42
29,9541056;31,4973824 Ring	Rd 29,95424;31,49752 Ring	Rd 2015-04-11	04:29:25.000 2015-04-11	04:30:06.000 2.82
29,9542304;31,4974112 Ring	Rd 29,95424;31,4973632 Ring	Rd 2015-04-11	04:08:36.000 2015-04-11	04:09:16.000 0.18 	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

F
Figure 4. Probability Density Function f(x): Fitted distributions to velocity data (x), 1st road segment, 1st route   

 
As illustrated in the figure, Weibull distribution was selected as the best fitted distribution to the data, and for this 

distribution the estimated mean velocity is 20.28 km/h. Next, all velocity data were compared to this value; 27 of the total 
available 36 recordings of velocity had value lower than 20.28 km/h. The percentage implied by the 27 values is 75.00% of 
the total velocity recordings that are available for the 1st road segment in this time period. Assuming a threshold of 45%, 
the percentage 75% is higher than the threshold value. As a result, the 1st road segment is characterised as an energy “hot 
spot” for this time period. 

Table 4 summarises the results from mesoscopic application in all road segments of all routes. As presented in the 
table, the 1st Route is characterised as energy “hot spot”, since all its road segments are characterised individually as energy 
“hot-spots” by the mesoscopic model. On the contrary, the 2nd Route is not characterised as energy “hot spot”. This result 
is based on the fact that the majority of road segments of the 2nd route is not identified as energy “hot spot”. More 
specifically, the 1st and the 2nd road segments of this route are not identified as energy “hot spot”, in contrast to the 3rd 
one. Regarding the 3rd Route, its 1st and 2nd road segments are both characterised as energy “hot spot” by the mesoscopic 
model. Finally, the 1st and the 2nd road segments of the 4th Route are identified as energy “hot spot”. On the other hand, 
the 3rd road segment is not characterised as energy “hot spot”. However, since the majority of road segments are identified 
as energy “hot spot”, this results in identifying the whole route as an energy “hot spot”. 
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Table 4.   Results of mesoscopic “hot-spot” identification  

Route Segment “hot-spot” identification 

1st Route: Ring Road 

1st road segment energy “hot spot” 
2nd road segment energy “hot spot” 
3rd  road segment energy “hot spot” 
4th road segment energy “hot spot” 

2nd Route: Suez Rd. – El-
Thawra St. 

1st road segment  not energy “hot spot” 
2nd road segment not energy “hot spot” 
3rd  road segment energy “hot spot” 

3rd Route: El-Nasr Rd. – El-
Nozha – Abou Bakr El-Sedeek 

1st road segment energy “hot spot” 
2nd road segment energy “hot spot” 

4th Route: Salah-Salem St. – El-
Orouba – Joseph Tito St. 

1st road segment  energy “hot spot” 
2nd road segment energy “hot spot” 
3rd  road segment not energy “hot spot” 

 
The application results confirmed our initial assumptions on energy consumption in this area, based on empirical 

knowledge on traffic congestion in the examined network. Further, the mesoscopic results from combining the findings 
from each segment and route resulted in the same “hot-spot” identification as those of the macroscopic model. For 
example, the 4th route was identified as a “hot spot” by the macroscopic model. Also, two out of three road segments of 
this route were identified as “hot-spots” by the mesoscopic model, thus the whole route can be identified as a “hot spot” 
according to that model. This indicates that the geometry of the route, such as route length may not influence substantially 
the model results. 

CONCLUSIONS – FURTHER RESEARCH 

In this paper, a model and a method that analyse traffic conditions and, more specifically, velocity data from GPS 
floating car data are proposed in order to be used for identifying energy “hot-spots” in heavily congested urban networks. 
The method can be adopted in networks where velocity measurements of vehicles are available. This method was 
implemented and tested in a case study in Cairo, Egypt; in particular, on a network of four routes around Cairo 
International Airport. The airport is a strong demand attractor, presenting heavy congestion over most of the day, and thus 
the identification of “hot-spots” in this network through the use of the model can be further valorized leading to actions 
that result in an improved overall energy consumption footprint of the area of interest. 

First, it was illustrated that both macroscopic and mesoscopic modelling identified three out of four examined routes 
as energy “hot-spots”. These results confirmed our initial assumptions regarding the energy consumption in this area, based 
on empirical knowledge on traffic congestion in the examined network.  

Second, the results from application of the macroscopic model are the same as the ones derived from application of 
the mesoscopic model. To be sure, both models were applied in the same routes, but the route length slightly differed 
between models. This was necessary since road segments were identified for each route based on the available velocity data. 
These differences notwithstanding, the mesoscopic results from combining the findings from each segment and route 
resulted in the same “hot-spot” identification as those of the macroscopic model. This indicates that the geometry of the 
route, such as route length may not influence substantially the model results. 

The lack of energy related measurements in the examined network was an obstacle for evaluating further the 
performance of the model. However, collecting this kind of data and implementing a more-detailed evaluation analysis is 
planned to be performed in a future study. Future studies may also include more data in order to specify the “hot-spot” 
identification over shorter periods, e.g. periods of the day. Further, future work could consider the integration of the model 
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results in real time applications, based on real time velocity measurements from GPS devices installed on vehicles. 
Moreover, the way in which the model could be incorporated in an eco-driving assistance strategy should be further 
studied. 
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ABSTRACT 

A state-of-the-art application for thrust augmentation in ship propulsion based on biomimetics is the flapping hydrofoil system, where the 
foil is subjected in a combination of two periodic (sinusoidal) motions, namely a heaving motion and a pitching motion with a phase lag between 
them. In this work, the amplitude and frequency of the heaving and pitching motions and the phase lag are considered as key parameters. 
Parametric studies are performed in order to explore the trends of the flapping foil performance and useful conclusions are drawn. Furthermore, a 
static optimization problem is defined and solved in order to seek the values of the motion parameters that optimize propulsion efficiency. The 
optimal solution yields very low thrust, dictating that rather suitable multi-objective problems have to be solved in order to obtain practical and 
profitable solutions. 

INTRODUCTION 

Biomimetics concerns the artificial imitation of natural models in order to design more efficient technological systems. 
Relevant inspired state-of-the-art applications concern the design of energy harvesting devices, self-powered dynamic 
systems and configurations for propulsion augmentation. For example, biomimetic propulsion systems inspired by the 
thunniform swimming mode have been proposed for marine vehicle and ship thrusters (Triantafyllou et al 1996, 2000). In 
(Schouveiler et al., 2005), the performance of flapping foil propulsion has been experimentally studied. In that work, the 
motion was considered to be a combination of two periodic (sinusoidal) motions, namely a heaving motion and a pitching 
motion with a phase lag between them. In (Belibassakis and Politis, 2013), a similar device has been numerically simulated 
by implementing a panel method. 

In a previous paper (Lampropoulos et al., 2016), flapping foil propulsion was numerically investigated by the authors 
by means of an appropriate unsteady Navier-Stokes Computational Fluid Dynamics (CFD) solver. The method was 
validated in the case of a harmonically flapping foil, experimentally studied in (Schouveiler et al., 2005) and (Read et al., 
2003), that oscillates at a frequency under the combined effect of a combined heave (vertical displacement) and a pitch 
motion (rotation around its axis). In (Read et al., 2003), the influences of the Strouhal number and the maximum angle of 
incidence to the performance of such a device were investigated. The production of high thrust together with high 
efficiency was demonstrated for a fixed Reynolds number. The presented CFD results were compared to the available 
experimental data. Further simulations were performed, concerning the performance of the foil in a range of pitching 
motions corresponding to different maximum incidence of attack, some of them involving dynamic stall phenomena. The 
simulation method was assessed and research suggestions for further improvements in case of dynamic stall were made. 

The authors wish to develop, in the long-term, a control methodology in order to study the problem of dynamically 
modifying the motion characteristics of the flapping foil for maximum thrust gain in an efficient way during for ship 
propulsion assistance. Thus, in contrast to the previous work, the present one goes one step further and numerically 
investigates the effect of the parameters defining the flapping foil motion on thrust augmentation and propulsion efficiency. 
These parameters are amplitude and frequency of the heaving and pitching motions, as well as the phase lag between these 
two motions. To this end, parametric studies are carried out in the present paper in order to explore the trends in the 
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behavior of the flapping foil performance, gain insight in the phenomenon and perform sensitivity analysis of the thrust 
enhancement with respect to each of these parameters. Furthermore, a static optimization problem is defined and solved in 
order to seek the optimum values for the motion parameters that optimize the foil performance. The latter is quantified by 
defining and assessing appropriate performance indices like averaged thrust during a period cycle, averaged power required 
for the foil motions and propulsion efficiency. A lower fidelity, compared to the Navier-Stokes solver, however very fast 
solver based on the Boundary Element Method was implemented for the simulations. The results of such a solver is 
satisfactorily accurate, provided that in the simulated cases no dynamic stall phenomena (related to massive leading edge 
flow separation) are involved (Belibassakis and Politis, 2013), (Filippas and Belibassakis, 2014). Alternatively to BEM, in the 
case of thin flapping foils, the Discrete Vortex Method has also very successfully been applied to calculations (Priovolos et 
al, 2007). 

In what follows, the case study of a flapping foil is described, the key parameters concerning the foil motions are 
introduced, performance indices are defined, the numerical tool is briefly described, parametric studies are performed, a 
static optimization problem is stated and solved, results are presented and discussed and finally conclusions are summarized 
and future research directions are prescribed. 

CASE STUDY DESCRIPTION 

Flapping foil motion 

A hydrofoil of symmetric shape has been selected, namely a NACA0012 profile also used in (Schouveiler et al., 2005), 
(Read et al., 2003). This is considered to operate as an unsteady hydrodynamic thruster in an infinite fluid domain, by means 
of a flapping motion is as shown in Figure 1. The hydrofoil moves forward at a constant speed U (Figure 1(a)), so that in 
the body-fixed frame of reference the unperturbed incoming flow is represented by a uniform current parallel to the x-axis 
(Figure 1(b)). The flapping motion consists of a vertical heaving motion of the foil (positively upwards) and simultaneously 
a pitching motion at the same frequency. These two motions are described by the formulas 

 
     0( ) sin( )y t y tω=      (1) 

     0( ) sin( )t tθ θ ω ψ= +     (2) 
 
where ω is the angular frequency, yo is the heaving amplitude, θo is the pitching amplitude and ψ is the phase lag 

between the two oscillatory motions. As shown in Figure 1(b), the instantaneous incidence angle is given by (Schouveiler et 
al., 2005) 

 
     1 1( ) ( ) tan ( / )a t t U dy dtθ − −= −    (3) 
 
In order to generate positive thrust (in the direction of travelling motion) with high efficiency, the phase lag takes 

values in the interval 75o< ψ<105o (Anderson et al., 1998). 
Important parameters of the flapping motion are the the heave-to-chord ratio yo/c, the Strouhal number expressing 

nondimensional frequency and defined by St=yoω/(πU), the phase lag ψ and the pitching amplitude θo from which the 
maximum angle of incidence αmax is determined. Other parameters are the location of the center of rotation for the pitching 
motion that was considered herein to be at constant distance xR/c =1/3 from the foil leading edge, while the chord length 
had the constant value of c=0.4m. The inlet flow velocity was also considered to be constant and equal to U=0.1m/s, so by 
also considering the kinematic viscosity of water ν, a fixed Reynolds number of Re=Uc/ν=40000 was considered in all 
simulations. 
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(a)        (b) 
Figure 1 (a) Flapping hydrofoil motion. (b) Definition of the angle of incidence α(t). 

 

Flapping foil performance 

The performance of flapping foil propulsion is assessed by means of appropriate indices. The average thrust and 
power coefficients, as well as the efficiency of the propulsion were used herein as the quantities that characterize the 
performance of the flapping foil with respect to the desired thrust production. 

The average thrust and power coefficients are respectively calculated by 

      20.5
x

T
F

C
cUρ

=     (4)   

      30.5P
PC
cUρ

=     (5) 

per unit span of the hydrofoil. The appearing average thrust force xF  achieved by the hydrofoil motion and average 

mechanical power P  required for the hydrofoil motions are respectively calculated during a time interval T  sufficiently 
greater than the period of the phenomenon (T>>2π/ω) by the following formulas 
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The propulsion efficiency is then calculated by 

      xT

P

F UC
C P

η = =     (8) 

Other quantities related to the performance of the flapping foil are the lift (CL) and moment (CM) coefficients. 

ΤΗΕ NUMERICAL SIMULATION TOOL 

A numerical method based on discrete vortex distributions has been developed to simulate flow around unsteady thin 
hydrofoils performing oscillatory heaving and pitching motions, in the additional presence of a gust inflow. Effects 
associated with foil flexibility have also been modelled.  Basic information concerning the above Discrete Vortex Method 
(DVM) with application to flapping thruster systems is provided below and additional details can be found in (Priovolos et 
al., 2017). The solution is obtained numerically via a discretization scheme, including a wake model for the trailing wake 
vorticity, which is created by the unsteadiness of the flow. Vorticity is continuously shed from the trailing edge and its 
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strength is connected with the rate of change of circulation around the foil, as obtained from application of Kelvin’s 
theorem concerning the conservation of circulation around closed material circuits. Having obtained the solution, pressure 
is calculated through Bernoulli’s theorem and forces by pressure integration on the hydrofoil. In addition, a model to 
include leading edge suction force, which has in important effect particularly in the case of thin hydrofoils, has been 
incorporated; see, e.g. (Paraz et al., 2015). Also, viscous effects are included by an empirical coefficient based on Reynolds 
number and corrected to account for drag increase at higher values of the angle of attack; see also (Filippas and 
Belibassakis, 2014). 

DVM Discretization 

The numerical method is based on a boundary integral equation formulation which is appropriately discretized by a 
number of panels on the foil’s boundary and along the trailing vortex wake, respectively. The foil is discretized into BN  
chord panels according to cosine spacing method, so that panels are accumulated in the leading and trailing edge regions 
where the most significant hydrodynamic variations are expected according to linear theory.

 

Since the discrete model is 
assumed to start from rest, the number of wake panels is selected to be equal to the number of time steps and the response 
is obtained by direct integration. Time is discretized in equal discrete steps t∆ . Each of the wake panels is of dw=UΔt, and 
the ratio of wake panel length to trailing edge region foil panel is a control parameter tuned for optimum convergence. In a 
simplified version, the wake panels have the same direction with the free stream velocity which is consequence of the 
(approximate) material conservation of vorticity, as realized by the present wake model. 

The accuracy of the method has been examined in various test cases, including steady-state problems starting from 
rest, by increasing the space and time discretization and exhibiting very good concergence characteristics. Subsequently, 
oscillatory motions of the foil have been studied, i.e. heaving and pitching motion and compared against analytic theory 
results, applicable in the case of small amplitudes (Newman, 1980). Next, the flapping motion was examined (Wu, 1971). 
The latter is obtained by combination of the two oscillatory motions with specific phase difference, which under proper 
selection of the kinematic parameters can produce thrust. Finally, the unsteady problem associated with the effect of an 
oscillatory gust has also been investigated and results obtained by the DVM method were compared against analytical 
solution of the Sears problem with good results (Newman, 1980). 

 

  
Figure 2 Comparison of thrust coefficient and efficiency against experimental data for NACA 0012 foil from (Read 
et al., 2003). Solid lines correspond to the DVM results and dashed lines to the experimental measurements, respectively. In 
the examined case yo/c=1, ψ=90ο, xR/c=1/3. 

 
As an example, Figure 2 presents results of the present numerical DVM that were compared against experimental 

results by (Hover et al., 2003), in the case of NACA0012 flapping hydrofoil at Re=40000, at large heaving amplitude. 
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Pitching is around a pivor point located at 1/3 chord length from leading edge and phase difference between heaving-
piching motions is 90o. Systematic simulations were performed for Strouhal numbers 0.20, 0.25, 0.30, 0.35, 0.40, 0.45 and 
pitch amplitudes ranging from 15o to 50o, resulting in effective angles of attack ranging from 5o to 35o, approximately. In 
Figure 2(a), results concerning the thrust coefficient are shown. Furthermore, in Figure 2(b), the thrust curves acquired 
through the DVM for the parameter range tested by (Hover et al., 2003) are presented along with iso-efficiency curves. 
Overall, the agreement is good for moderate to large effective angles of attack up to about 25o and Strouhal numbers up to 
0.40, approximately. For large values of incidence angles (upper-left region of Figure 2(a)), the experimental values of CT are 
larger than those of the DVM for St>0.3. This deviation is attributed to the fact that the NACA 0012 section that was used 
in the experiments, although it is symmetric, it possesses different hydrodynamic attributes than the flat plate used to model 
the foil in the present DVM. On the other hand, the performance of the NACA foil in the experiments presents significant 
deviations from experimental results for small values of effective angle of incidence as the Strouhal number increases 
(lower-right region of Figure 2(b)). This is attributed to the degraded angle of incidence time signal, possessing many peaks 
in a motion period, as has been stated by the authors in (Hover et al., 2003). 

  

RESULTS AND DISCUSSION 

Parametric studies 

As mentioned before, in the description of the case study, four parameters were considered to define the flapping foil 
motion, namely nondimensional heaving amplitude as a percentage of foil chord (yo/c), Strouhal number (St), phase lag 
angle (ψ) and pitching amplitude (θο). Table 1 presents the range of variation that was considered for each of these 
parameters (third column). In addition, their mid values in their range of variation were considered to form the baseline 
case (second column of Table 1). In order to perform a parametric study of the variation of the foil performance with 
respect to these parameters, the latter were allowed to vary, one at a time, while the rest were set to their baseline values. 
The different values that were selected and used for each of the parameters are provided in the fourth column of Table 1. 

 
Table 1.   Variation of the basic parameters for the parametric study 

Parameter Baseline value Range of variation Values selected 
yo/c 0.6 0.2÷1 0.2, 0.4, 0.6, 0.8, 1 
St 0.35 0.1÷0.6 0.1, 0.225, 0.35, 0.475, 0.6 
ψ[o] 90 70÷110 70, 80, 90, 100, 110 
θο[o] 33 23÷43 23, 28, 33, 38, 43 

 
Tables 2, 3, 4 and 5 summarize the results concerning the variation of the performance indices with respect to the 

variation of the four parameters under consideration. In each of these tables, the baseline case values appear in bold and, 
apart from the three performance indices defined in a previous section, the lift coefficient and an approximation for the 
maximum incidence angle are also provided. The only case where not interesting results (from the point of view of 
exploitation in fish propulsion)  were obtained and was not taken further into account is that of St=0.1. Concerning the 
maximum value of the incidence angle αmax, this is under the threshold of 20o (in order the solver to produce physically 
sound solutions), except two cases that correspond to the maximum St and θο values. 

Figure 3 presents schematically results of Tables 2 and 3, while Figure 4 presents schematically results of Tables 4 and 
5. In each of these figures, three plots are depicted, concerning the variation of the thrust and power coefficients, as well as 
that of efficiency with respect to the variation of the corresponding parameter. The value of each parameter and each 
performance index in the plots of Figures 3 and 4 has been divided by its corresponding baseline value. Thus, the values in 
the x-axis of the plots concern the variation of the parameter as a percentage of its baseline value and, similarly, the values 
in the y-axis concern the variation of a performance index as a percentage of its baseline value. 
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Table 2. Variation of performance indices with the variation of yo/c 
yo/c CT CL CM CP η αmax 
0,2 1,484 8,231 2,655 5,845 0,254 14,715 
0,4 0,646 2,836 0,541 1,447 0,446 14,715 
0,6 0,541 2,118 0,201 0,987 0,548 14,715 
0,8 0,537 1,962 0,107 0,896 0,600 14,715 
1 0,559 1,945 0,093 0,891 0,628 14,715 

 
Table 3. Variation of performance indices with the variation of St 

St CT CL CM CP η αmax 
0,225 0,031 1,110 0,207 0,105 0,292 2,255 
0,350 0,541 2,118 0,201 0,987 0,548 14,715 
0,475 1,184 3,821 0,225 2,767 0,428 23,173 
0,600 1,939 6,147 0,429 5,783 0,335 29,053 

 
Table 4. Variation of performance indices with the variation of ψ 

ψ[o] CT CL CM CP η αmax 
70 0,324 0,889 0,302 0,628 0,516 14,715 
80 0,448 1,373 0,221 0,765 0,586 14,715 
90 0,541 2,118 0,201 0,987 0,548 14,715 
100 0,613 2,968 0,268 1,303 0,470 14,715 
110 0,647 3,855 0,387 1,710 0,378 14,715 

 
Table 5. Variation of performance indices with the variation of θο 

θο[o] CT CL CM CP η αmax 
43 0,199 2,402 0,511 0,595 0,335 4,715 
38 0,392 2,133 0,351 0,773 0,507 9,715 
33 0,541 2,118 0,201 0,987 0,548 14,715 
28 0,635 2,360 0,085 1,228 0,517 19,715 
23 0,652 2,779 0,074 1,485 0,439 24,715 

 
As it can be noticed from Figure 3(a), the effect of the deviation of the heaving amplitude from its baseline value on 

the performance indices is generally negligible. The only exception is the case of the lowest value considered herein, where 
the produced thrust is multiplied by four but the required power is multiplied by six leading to a decrease in efficiency of 
about the half, i.e. making this scenario unprofitable. 

According to the plots of Figure 3(b), thrust and power performance indices increase with the increase of the Strouhal 
number of the periodical foil motion, except efficiency that decreases when deviating from its baseline value. This is due to 
the fact that the rate of increase of power (superlinear) is greater than that of thrust (almost linear). Similar trends are 
identified by the plots depicted in Figure 4(a), concerning the variation of performance indices with respect to the phase lag 
angle. A remark here is that efficiency exhibits its maximum for a lower value than its baseline one (at about 80o). 

Figure 4(b) presents the variation of performance indices with respect to the variation of the pitcing angle amplitude.  
Thrust and power decrease with the increase of pitcing angle amplitude, while efficiency exhibits a maximum at its baseline 
value. In this case, power decreases linearly and thrust decreases sublinearly leading to a decrease in efficiency. 

Summarizing, heaving amplitude does not significantly affect thrust production, while increase in Strouhal number 
and phase lag of the foil motions cause an increase in thrust accompanied by a greater increase in the required power. 
Greater pitching angle amplitudes cause a decrease both in thrust and power. In any case, the variation of power is more 
pronounced than that of thrust, leading thus to a decrease in efficiency values. It has to be noticed however, that these 
trends are identified while one parameter varies around its original value and all other parameters remain constant. In 
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general, if all the motion parameters are allowed to vary, there may be combinations of their values that lead to optimum 
thrust production with optimal efficiency and vice-versa. In order to investigate this, one has to appropriately formulate and 
solve an optimization problem. Furthermore, since thrust production and propulsion efficiency seem to be conflicting 
objectives, the formulation and solution not of a single-objective but of a multiobjective problem may be required. These 
issues are discussed in the following subsection. 

 

  

(a)        (b) 
Figure 3 (a) Variation of performance indices around their baseline value with the variation of the heaving 
amplitude around its baseline value. (b) Variation of performance indices around their baseline value with the variation of 
the Strouhal number around its baseline value. 

 

  

(a)        (b) 
Figure 4 (a) Variation of performance indices around their baseline value with the variation of the heaving 
amplitude around its baseline value. (b) Variation of performance indices around their baseline value with the variation of 
the Strouhal number around its baseline value. 

Flapping foil propulsion optimization 

The optimal design and operation of a flapping foil propulsion system entails the search for the optimal set of values 
for the independent variables, which are the Strouhal number (St), phase lag angle (ψ), pitching amplitude (θο) and non-
dimensional heaving amplitude as a percentage of foil chord (yo/c). Thus, the decision variable vector is defined here to be 
x=[St  ψ  θο  yo/c]T . The objective is to identify the parameters that comprise optimum flapping foil propulsion system in the 
sense that maximize the propulsion efficiency or maximize thrust coefficient or minimize the required power coefficient. 

In the present work, the efficiency η was regarded as the objective function: f(x)=η. This scalar quantity is time 
invariant, as is its calculation is performed over a period, T. The time-dependent, nonlinear model ordinary differential and 
algebraic equations (Equations (1)–(3)) are the constraints, which hold for every feasible state of the system at hand. Each 
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of these equations can be written in the form gi(x,t,z)=0, where z=[y  θ  α  U]T is the state variables vector and i=1,2,3 is the 
equation index. Equations (4)–(8) are used to evaluate the system behavior and are time-invariant, as they are calculated for 
the duration of a period. These equations are solved for the calculation of the objective function using the state variables 
trajectory that sarisfies Equations (1)–(3) and therefore can also be regarded as part of the constraint set. The nonlinear 
equations gi can be concatenated in a vector function G(x,t,z)∈ℜ8. The optimal value that has to be identified needs also to 
satisfy the inequality 0°≤αmax≤20°, where αmax is the maximum incidence angle in a period time. An estimation of this 
quantity is αmax=θosin(ψ)-tan-1(St π), which can be written in the form h(x)≤0, h∈ℜ2. 

The (single objective) optimization problem that was outlined above can be formally written as: 
find arg{max f(x)}, subject to G(x)=0 and h(x)≤0 

The optimization solution adopted a feasible path approach and followed the Nested Analysis and Design paradigm, 
exploiting the simulator that has been described in the previous sections. A deterministic, gradient-based optimization 
strategy has been selected here, based on the interior-point method (Byrd et al., 2000). The Broyden–Fletcher–Goldfarb–
Shanno algorithm (BFGS) approximation was employed for the Hessian matrix. The initial estimate vector for the 
independent variables (starting point for the optimization solution) is given in Table 6 (second column) and satisfies all 
constraints. The range of variation for each of the decision variables (optimization domain) is also given in Table 6 (third 
column). The optimal point (final solution of the optimization problem) is also given in Table 6 (fourth column). 

 
Table 6.   Optimization domain, starting point and final solution 

Parameter Initial estimate Range  Optimal point 
St 0.35 0.15÷0.6 0.15 
ψ[o] 90 45÷135 82.87 
yo/c 1 0.0÷1.0 1 
θο[o] 35 0÷90 22.85 

 
The initial estimate for the optimization problem corresponds to a maximum incidence angle of 12.715° and an 

efficiency of 0.646. The optimization problem solution corresponds to an αmax of 2.382° and an efficiency of 0.898. The 
increase in efficiency is 39%, which is notable. The optimization path belongs to ℜ5 (dependent variable is η and the 
independent is x). At the optimal point, no constraints are active, apart from the model equations (Eqs. 1 – 8) and the lower 
bound for St, where we get a Lagrange multiplier value of 0.8657. This value represents the marginal increase in the 
objective function if we would relax the lower bound for St. This has not been possible due to simulator constrains, as 
discussed in the previous section.  

Let us note here that, aiming at maximum efficiency, there is a slight deviation of the optimal point identified from the 
literature where the usual  value of 90° for ψ is reported (see, e.g., Anderson et al., 1998; Read et al., 2003 Schouveiler et al 
2005). If forced this value to be 90°, we would get an efficiency of 0.834, with St=0.15, y0/c=1 and θ0=21.4055°, which 
yields an αmax of 3.826°. Thus, some flexibility in selecting the phase lag angle may lead to increased efficiency. 

Although the solution of the optimization problem provided an optimal solution with respect to the achieved 
efficiency, the corresponding thrust coefficient yields the very low value of CT=0.038. This means that the power 
coefficient was also very low, such that the efficiency that is analogous to their ratio reaches high values at that region of the 
solution domain. However, the solution is unprofitable from a practical point of view, since it does not provide higher 
thrust values than the initial solution. This is in accordance with the remark made in the previous section that thrust and 
efficiency seem to be contradicting objectives that have “equally” to be taken into account. 

 As a last test, another nonlinear inequality constraint was set for the minimum acceptable thrust coefficient (e.g. 
CT≥0.5) and the optimization problem was solved again. The optimal solution obtained was St=0.3738, ψ=82.13°, yo/c=1.0 
and θο=37.49°. This solution yields an efficiency of 0.675, which is significantly lower than the optimal value obtained if the 
thrust is not constrained, but still better than the average values in Tables 2,3,4,5. The Lagrange multiplier for the latter 
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constraint was 0.291. The value of the thrust coefficient CT at the optimal point was at the constraint level of 0.5, one of the 
possibilities for an active constraint. In this sense, the minimum value in the constraint could be increased or better the 
objective function could be the maximization of thrust while propulsion efficiency should be above some threshold. 
However, such a direction was not further pursued; rather in the continuation of this research, a two- or three- objective 
optimization problem will be stated and solved in order to seek for more profitable solutions. In the latter case, the 
objectives would be the concurrent maximization of thrust, minimization of power and maximization of efficiency. 

CONCLUSIONS 

Thrust augmentation in ship propulsion systems by means of flapping hydrofoil motion is a state-of-the-art research 
topic. Flapping motion comprises of concurrent heaving a pitching periodic foil motions. Aiming to optimization of the 
phenomenon, this work investigated the appropriate setting for the values of the flapping motion key parameters. 
Parametric studies showed the trends of the flapping foil performance in terms of appropriate indices and revealed that the 
corresponding objectives seem to be contradicting. Furthermore, a single-objective optimization problem was stated and 
solved for maximum efficiency. However, the optimal solution yielded very low thrust, dictating that suitable multi-
objective problems have to be solved in order to obtain practical and profitable solutions. This will be the direct continue of 
the present work. 
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