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Foreword   
I.	Deligkiozi,	D.A.	Charalambopoulos	

“ENERGY	 in	 TRANSPORTATION”	 expands	 the	 International	 Conference	 “ENVIRONMENT	 &	
ENERGY	 in	SHIPS”	and	“GREEN	TRANSPORTATION	that	were	held	 in	2015	&	2016	respectively,	 to	
include	 all	 modes	 of	 Transportation,	 Ship,	 Aviation	 and	 Land,	 both	 public	 and	 private.	 It	 brings	
together	 Engineers,	 Designers,	 Academics	 and	 Professionals	 of	 different	 disciplines	 and	 other	
stakeholders	that	contribute	to	and	advance	the	state	of	art	development	within	the	Transportation	
environment.	“ENERGY	in	TRANSPORTATION”	is	an	annual	International	Conference	that	took	place	
for	 the	 third	 consecutive	 year.	 The	 3rd	 International	 Conference	 EinT2018	was	 organized	 by	 the	
ASHRAE	Hellenic	Chapter	in	collaboration	with	the	Technical	Chamber	of	Greece	(TEE),	the	Hellenic	
Navy	and	the	Attiko	Metro.	The	event	was	held	in	Athens,	Hellas	on	November	3,	20186.	A	total	of	
10	speakers	from	Egypt,	Greece	and	the	USA,	presented	8	technical	papers	that	are	included	in	these	
Proceedings.		

The	program	also	included	the	following	keynote	and	invited	speakers: 	
• Prof.	Dr.	William	BAHNFLETH,	P.E.,	ASHRAE	presidential	member,	USA	 	
• Dr.	Costas	A.	BALARAS,	Director	&	Regional	Chair,	ASHRAE	Region	XIV,	Greece	
• Angelos	DALAVOURAS,	President,	ASHRAE	Hellenic	Chapter,	Hellas	
• Rear	Admiral	Georgios	BAMBLENIS	H.N.,	Inspector	General	of	the	Hellenic	Navy,	Greece	
• Dimitris	A.	CHARALAMBOPOULOS,	ASHRAE	Hellenic	Chapter	Board	Member,	ASHRAE	Region	

XIV	RMCR,	ASHRAE	Members	Council,	Greece		
• Dr.	Michaelis	LEFANTZIS,	Architect	Engineer,	Greek	Ministry	of	Culture	&	Sports,	Directorate	

for	the	Restoration	of	Ancient	Monuments	Athens,	Greece	
	

The	 Conference	 ended	 with	 a	 joint	 open	 discussion	 on	 “Building	 our	 New	 Energy	 Future	 –	
Challenging	the	president”.	

All	 the	 presentations	 and	 videos	 from	 the	 conference	 are	 available	 on	 the	 ASHRAE	 Hellenic	
Chapter’s	website	(http://ashrae.gr/EinT2018.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	
EinT2018	Conference	General	Chair	
ASHRAE	Hellenic	Chapter	President	2016-2017	
ASHRAE	Region	XIV,	Nominating	Committee	

Dimitris	A.	Charalambopoulos,	M.Sc.,	BEAP  
Mechanical	Engineer	
EinT2018	Conference	General	Chair	
ASHRAE	Hellenic	Chapter,	Treasurer	2018-2019	
ASHRAE	Region	XIV,	RMCR	&	Treasurer	
ASHRAE	Members	Council,	Member		
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Risk and Threat Assessment Integration in 
Systems Engineering Process 

D. Koupatsiaris 
Hellenic Navy, Athens, Greece 

ABSTRACT 
During the past years, the field of risk management received considerable attention, both in the context of project management, as well in 

daily operations, also known as “business as usual”.  In addition, and in relation to recent terrorist attacks, we witnessed the emergence of the 
similar field of threat management.  The intention to utilize these fields, is to optimize the cost to benefit ratio for corporate and government 
organizations.  Although the factors for both risk and threat management are influenced by human to mechanical system interaction throughout 
the life cycle of each system, there is a disconnect between the design phase and usage phase of mechanical systems.  The purpose of the present paper 
is to provide an analysis of the elements that contribute to the disconnect, and also to explore possible strategies that allow unified and continuous 
risk and threat management assessment throughout the entire life cycle of any system.  

INTRODUCTION 

During the last decades the quality and performance standards for the design, development and construction of all 
technological systems have increased dramatically.  Indeed, the performance improvement of all buildings, vehicles and 
industrial process plants today over their counterparts half a century ago, is better depicted in the decibel scale than in the 
percentage scale, whether the comparison is about speed, efficiency or safety.  However, all this performance improvement 
seemed to have been insignificant in avoiding or at least minimizing the casualties of the recent terrorist attacks that 
devastated Europe and the whole world during the last decade.  It is reasonable to test the appropriate performance of 
systems to protect people, since all terrorist attacks aimed at causing as much human casualties as possible, being 
passengers, shopping dwellers, or spectators.  Therefore, it is fair to seek both the operator’s planning to avoid or mitigate 
the casualties of a terrorist attack, as well as the system designer’s effort to make any such system, whether building, vehicle 
or process invulnerable in terms of protecting the people it is designed to serve.  In this work the latter is going to be 
further analyzed, that is the incorporation of risk management during the system design and construction, regarding the risk 
of active threat to the system and the people that use it.  

RISK MANAGEMENT AND THE RISK OF ACTIVE THREAT  

According to ISO 31000 series, Risk Management is the identification, evaluation, and prioritization of risks (also 
defined as the effect of uncertainty on objectives), followed by coordinated and economical application of resources to 
minimize, monitor and control the probability of impact of unfortunate events, or to maximize the realization of 
opportunities.  By confining further analysis to the unfortunate events or negative risks, they come from various sources, 
such as natural disasters, financial market uncertainty, project failures and setbacks, legal liabilities, accidents, events with 
unclassified root cause, or deliberate attack from an active adversary.  All risks depicted above, and even more that have not 
been mentioned, can be further subdivided into two categories, depending on the mathematical principle used for risk 
evaluation.  To elaborate further, the vast majority of events are subject to analysis under the statistical independence 
assumption, under which, for a pair of events the occurrence of one does not affect the probability of occurrence of the 
other.  The statistical independence assumption can model all events, even those for which its accuracy is not high (such as 
financial market fluctuations or weather forecasting), due to the practicality of the associated analysis.  However, one type 
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of risks for which the statistical independence assumption leads to highly inaccurate results, is the deliberate attack from an 
active adversary.  In accordance, the first of the categories mentioned above are all the negative risks that can be modeled 
under the statistical independence assumption, and the second is the deliberate attack from an active adversary, where a 
different modeling tool is needed.  

Definition of Risk and Threat  

In the following, three definitions of risk and respective threat from an active adversary are going to be provided, 
aiming to obtain a possible universal consensus about the two concepts.  

PMBOK Guide, 5th Edition. Project risk as an uncertain event or condition that, if it occurs, has a positive or 
negative effect on one or more project objectives such as scope, schedule, cost, and quality.  A risk may have one or more 
causes and, if it occurs, it may have one or more impacts.  A cause may be a given or potential requirement, assumption, 
constraint, or condition that creates the possibility of negative or positive outcomes.  Positive and negative risks are 
commonly referred to as opportunities and threats.  

Risk Management Guide for US DoD Acquisition, 6th Edition. Risk is a measure of future uncertainties in 
achieving program performance goals and objectives within defined cost, schedule and performance constraints.  Risk can 
be associated with all aspects of a program (e.g., threat, technology maturity, supplier capability, design maturation, 
performance against plan) as these aspects relate across the Work Breakdown Structure (WBS) and Integrated Master 
Schedule (IMS).  Risk addresses the potential variation in the planned approach and its expected outcome.  A threat on the 
other hand, is a typical risk source in the way that the sensitivity of the program to uncertainty in the threat description, the 
degree to which the system design would have to change if the threat's parameters change, or the vulnerability of the 
program to foreign intelligence collection efforts (sensitivity to threat countermeasure).  In other words, the threat is what is 
typical in a military environment, that is the capabilities of the potential adversary, the estimation of which is one of the 
parameters that define the operational capabilities of the weapon system under development.  

NASA Risk Management Handbook. Risk is the potential for performance shortfalls, which may be realized in the 
future, with respect to achieving explicitly established and stated performance requirements.  The performance shortfalls 
may be related to institutional support for mission execution or related to any one or more of the following mission 
execution domains: safety, technical, cost or schedule.  Threat is a form of negative risk.  Threats are formally taken into 
account into the systems engineering processes, in the project protection plan.  

To summarize, risk is a well-defined concept in corporate, military and government domains.  Threat on the other 
hand, although it is a familiar concept in the military environment, since it is the sum of capabilities of a potential adversary, 
however in the corporate environment is hardly defined, with the exception of security applications.  Even as such, the risk 
analysis methodology of the military domain is difficult to apply in the corporate domain for a multitude of reasons, 
including the fact that terrorist attacks fall under the category of asymmetric threats, making them hard to avoid even for 
military assets.  

Disconnect between Threat and Risk  

It is an understatement to assume that threats of possible terrorist attacks are not taken into account during risk 
management from the system’s operating staff.  It is the operator’s task to perform risk management during every day 
usage, and under this umbrella to perform risk management for threats from active adversaries.  However, the operator is 
faced with an array of disadvantages.  Just to name a few, the operator is not necessary the same entity as the one that 
procured the system, or the conditions that led to the operational requirements for the design of a system do not apply in 
the present situation, or the assessment that the corporation is too small to tackle issues like terrorism and that is a problem 
for the Police and the Government, or that once a system complies with government and international safety regulations it 
is also safe, and so on.  This incomplete list indicates that there is a disconnect between the time that the operational 
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requirements for a system are drafted, and the time that the operating staff of the system has to plan and mitigate threats 
from active adversaries, such as terrorists.  In addition to that disconnect, most of the times the operating staff lacks the 
capacity to redesign the system, and even if the capacity to redesign was available, the cost would be prohibitive.  Thus, the 
operating staff takes the initiatives that are feasible in terms of cost and available resources.  Sadly, it is realized in many 
cases that design changes that would produce insignificant cost increase during construction, would provide significant 
mitigation of losses during actual terrorist attacks.  Furthermore, there are more than a few cases where such design changes 
were taken into consideration and rejected for exceeding the scope of the project (at that time, system under development).  
Based on the above, the robustness of a system against threats from active adversaries is a system life cycle challenge 
(usually treated under the domain of systems engineering), and more insight should be obtained for the application of risk 
management during the design and development phase.  

RISK MANAGEMENT PROCESSES DURING PROJECT MANAGEMENT  

It is a fact that the methods of construction of buildings, vehicles and industrial process plants are widely different, 
mainly due to divergence in numbers, construction sites and methods.  However, for all the above systems there is a time 
frame that is similar, and that is the development phase.  The prototype development of a new model of a vehicle before 
being produced, is similar to the development phase of a building that is going to be unique.  Since both developments are 
treated with the principles of projects, the present work is going to focus on risk management as part of project 
management.  Thus, project risk management includes the processes concerned with conducting risk management planning, 
identification, analysis, response planning, and controlling risk on a project.  The project risk management processes are as 
follows:  

1. Risk management planning.  
2. Risk identification.  
3. Quantitative risk analysis.  
4. Qualitative risk analysis.  
5. Risk response planning.  
6. Risk monitoring and control.  

It is worth noting the tasks of the entities involved in a project with the following example; in a building construction 
project there are two entities involved, the entity that sets the requirements of the building and is usually about to operate it, 
denoted as the user, and the entity that actually constructs the building based on the requirements stated above (the essence 
of the scope), denoted as the contractor.  At first glance, the risk register (including the future threat from an active 
adversary) seem to apply solely to the user, until a contract is signed and the actions to mitigate operational risks become 
part of the contracted scope.  Then, a totally new register applies for the contractor, having to do entirely with the 
successful completion of the project.  However, as it is the user’s primary task to predict the risks related with the building 
usage once operational, it is the contractor’s task to truly understand the scope of the project and provide the optimal 
solution regarding the life cycle of the building.  The same analogies apply when a corporation develops a vehicle for mass 
production, with the exception that the development team emulates the role of the customers, in addition to the role of the 
industry.  Having argued about the applicability of project management processes in determining the future threat to a 
system right from the development phase, the focus from the previous list will be limited to quantitative and qualitative risk 
analysis.  The reason for this focus based on the definition of both analyses.  While qualitative risk analysis is the process of 
prioritizing risks for further analysis or action by assessing and combining their probability of occurrence and impact, 
quantitative risk analysis is the process of numerically analyzing the effect of identified risks on project objectives.  In other 
words, for every risk (or at least for the most important) in the risk register, quantitative risk analysis results are the 
numerical facts behind qualitative risk analysis assessment.  In the following Table 1, the tools and techniques for each 
analysis are presented jointly.  
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Table 1.   Tools & Techniques for Qualitative and Quantitative Risk Analyses 
Qualitative Risk Analysis Quantitative Risk Analysis 

Risk probability and impact Assessment. Data gathering and representation. 
Probability and Impact Matrix. Interviewing. 
Risk data quality assessment. Probability distributions. 
Risk categorization. Risk analysis and modeling. 
Risk urgency assessment. Sensitivity analysis. 
Expert judgment. Expected monetary value. 
 Modeling and simulation. 
 Expert judgement. 

 

The Probability and Impact Matrix was emphasized in Table 1 in order to highlight that every risk in the risk register, 
based on its probability to occur and the impact once it occurs, is plotted as a point on that Matrix, and further attention 
and resources are allocated to the high value risks, or the risks with the highest severity.  Apart from the above, the 
Probability and Impact Matrix is the only tool available for all types of risk to be compared in a common scale.  

Probability and Impact Matrix 

Figure 1 and Figure 2 depict two alternative versions for visualization of the Probability and Impact Matrix.  The 
first is the most commonly used in management, is simple and easily comprehensible, since risks are represented as points 
located in regions with different color and risks with medium and low severity are distanced from risks with high severity.  

 

 

Figure 1 Typical form of Probability and Impact Matrix as a 2D contour plot.  
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Figure 2 on the other hand, converts the matrix to a 3D surface resembling a quarter of a mountain.  It provides a 
new perspective on the effect of lowering the impact of hit on the severity for constant probability of hit, as well as the 
effect of lowering the probability of hit on the perceived severity for constant impact of hit.  In other words, if the 
estimation of probability of hit is biased or outdated, so will be the estimation of severity.  

 

 

Figure 2 Representation of Probability and Impact Matrix as a 3D surface.  

The P&I Matrix lack of immunity to bias is closely related to the mathematical assumptions related to its design.  The 
resulting severity for each risk that is plotted on the P&I Matrix is actually a joint probability function, defined as the 
probability that two or more events taking place concurrently.  Furthermore, for the computation of severity an assumption 
is made, that of statistical independence, defined that the occurrence of one event does not affect the probability of 
occurrence of the other.  The resulting severity is depicted mathematically in Equation (1).  Although the statistical 
independence assumption is a relatively fair assumption in most cases it is not applicable to threats from active adversaries.  

 

  (1) 

 

Survivability  
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According to the ResiliNets Initiative, survivability is the capability of a system to fulfil its mission, in a timely manner, 
in the presence of threats such as targeted attacks or large-scale natural disasters resulting in many failures, in addition to the 
few random failures covered by fault tolerance.  Survivability is thus a superset of fault tolerance but a subset of resilience.  
In accordance, fault tolerance is the ability of a system to tolerate faults such that service failures do not result, and generally 
covers random single or at most a few faults, while resilience is the ability of a network of systems to provide and maintain 
an acceptable level of service in the face of various faults and challenges to normal operation.  

 

 

Figure 3 Representation of Survivability as a Subset of Resilience, obtained from the ResiliNets Initiative.  

The concept of survivability emerged from the military domain.  In the naval domain in particular, survivability 
denotes the ability of a ship and its on-board systems to remain functional and continue a designated mission in a non-
physical hostile environment.  The naval vessels are designed to operate in hostile environments, and therefore the 
survivability is a vital feature required from them.  The naval vessel’s survivability is a subject affecting the whole life cycle 
of the vessel, and should be considered from the initial design phase.  For improving survivability, one has to work towards 
improving four main system elements:  

1. Detectability.  The inability to avoid being aurally or visually detected by an observer.  
2. Susceptibility.  The inability to avoid being hit (by a weapon).  
3. Vulnerability.  The inability to withstand the hit.  
4. Recoverability.  Longer-term post-hit effects, damage control, and firefighting, capability restoration, or (in 

extremis) escape and evacuation.  

The underlying principle behind survivability is that the possibility of a hit cannot be ruled out, however one can 
improve the performance of other areas, as noted above.  The mathematics that govern survivability are quite different.  
The Probability Chain Rule is used, that permits the calculation of any member of a joint distribution, using only 
conditional probabilities.  Thus, overall performance is achieved by the combined contribution of all elements.  The 
equation that computes survivability is Equation (2) below, 
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  (2) 

where  

Pr{S}= Survivability, measured as a probability measure, 0≤ Pr{S}≤ 1.  
Pr{R|V,S,D}= Recoverability, given that the system was detected, not avoided the hit, and damaged,  
Pr{V|S,D}= Vulnerability, given that the system was detected, and not avoided the hit,  
Pr{S|D}= Susceptibility, given that the system was detected.  

 

COMPARISON BETWEEN P&I MATRIX AND SURVIVABILITY 

It is important to stress that P&I Matrix is a tool intended to sort all risks of a risk register in a common scale, in order 
to accommodate higher management to assess the most important risks for further resource allocation.  As such, there is an 
array of strategies to tackle the risks identified, based on risk avoidance, risk transfer, and risk mitigation.  The advantage of 
the previously stated strategies is that they retain control of the cost allocation, thus enabling the cost of a project to remain 
on track.  The previous analysis identified that inclusion of threats from an active adversary in the P&I Matrix is prone to 
biased estimation, and therefore cannot be compared with other types of risks in a common scale, thus the previous 
strategies are not directly applicable.  In accordance to survivability, threats from an active adversary must be treated as a 
design problem on its own, since possible solutions to reduce detectability, susceptibility and vulnerability and to improve 
recoverability affect the core system design and ultimately scope, just as is the case with military systems.  However, since 
survivability is proposed to replace the P&I Matrix as a metric for threats from an active adversary, it is fair to provide a 
comparison, such that of Table 2.  

Table 2.   Comparison between P&I Matrix and Survivability 
P&I Matrix Survivability 

Advantages Advantages 
Convenient and understandable mathematics Can model threat from an adversary 
Illustrative Immune to biased estimations 
Proven and reliable for issues regarding safety and quality Used in military domain 
 Emerging applications in computer networks 
Disadvantages Disadvantages 
Prone to biased (overconfident) estimations Strange mathematics 
Cannot model threat from an active adversary Difficult to illustrative 
 Difficult to impose hard constraint in cost 

 

CONCLUSIONS 

After recent incidents of political or religious violence, the inability of structures and vehicles designed to 
accommodate large amounts of people to provide relative protection and casualty mitigation was highlighted.  Although 
there is a dedicated domain in management, called risk management, the analysis of this work concluded that a large portion 
of the inability of risk management to do more, dates back to the design, development and construction of respective 
systems.  Furthermore, the inability of a metric called P&I Matrix to prioritize threats from active adversaries was 
highlighted, and an alternative tool called survivability was introduced, and compared with P&I Matrix.  Consequently, the 
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employment of survivability as the framework to improve robustness of systems to threats from active adversaries is 
considered critical, however the price to pay is significant reorientation of system design and scope configuration.  
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Advanced System Architectures  
and Operational Methodologies  

leading to Energy Efficient Operations  
in the new Metro Line 4 in Athens 

Dr George Leoutsakos 
Engineering Department, Attiko Metro S.A, Athens, Greece 

ABSTRACT 
In the context of minimizing the energy consumption for the new Metro Line 4 in Athens, currently in the tender phase and with the project 

construction aimed to start in 2019, new measures, new system architectures, new operational methodologies and new equipment characteristics 
were adopted in the design and project specifications, in an effort to ensure minimized overall energy consumption for the trains and systems 
operation and providing a sustainable operation with minimized CO2 production. 

The measures covered a wide range of systems in stations, tunnels and trains. Regarding the trains, these measures include a new scheme for 
sending regenerated energy from train braking back to the city medium voltage 20 kV grid and new upgraded functions for the driverless trains 
operation maximizing the trains braking energy re-use by other accelerating trains, implying a central computerized optimization of the complete 
train fleet in operation. For stations, the new measures include new lighting concepts with LED lighting fixtures and efficient lighting control 
philosophies including discrete lighting circuits control, dimming, use of lighting sensors etc ; new advanced control systems for electromechanical 
installations operating continuously such as escalators / travelators, optimizing their high energy consumption as based on need ; new interfacing 
philosophies between systems to further increase the overall operational efficiency such as managing the deployment of the suitable number of 
operational trains at any time of the day in the line as based on the incoming passengers at stations as counted in detail by the entrance gates. 
Regarding tunnel ventilation and temperature control in the tunnels, the operation shall maximize the use of natural ventilation through the 
trains’ piston effect, and minimize the use of the high volume flow rate and high powered axial fans as based on tunnel temperature sensors. 

For the complete project, all motors used in equipment such as in fans, HVAC units, pumps, lifts, escalators, Platforms Screen Doors 
(PSDs), fare collection gates, etc, shall be of high energy efficiency according to the latest EU standards. Furthermore, the maintenance activities of 
all trains and systems shall be organized on principles of condition based maintenance to the degree possible as allowed by the information from the 
trains and systems sensors and this will overall reduce the maintenance activities and thus save energy. Finally, the selection of materials for the 
construction of the stations shall be based on environmentally friendly materials and materials with the minimum possible CO2 footprint in their 
production and transportation. 

INTRODUCTION 

Metro Line 4 is a new large scale project that has been tendered for construction in Athens. It is a U-shaped line, 13 
km long with 15 new stations, 20 driverless trains and two underground stabling and maintenance facilities. Trains have 4 
cars each, they run at 90 sec headways and can serve up to 28.000 passengers in the peak hour, per direction. In total it 
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contains 41 large scale underground structures (stations, shafts, junctions, etc.) and 3 over-ground buildings and are all 
complemented by 55 electromechanical and railway systems that run a 24/7/365 basis. Line 4 has been designed to operate 
with the best possible utilization of the electrical energy while at the same time ensuring a long systems’ equipment life and 
a low lifecycle cost. The project design lifetime is >100 years for the civil works structures and >30 years for the systems 
and the trains. 

Although, by definition, a metro system results in significant energy servings for the city as it consumes approximately 
1/15th of the energy that would have been consumed by using private cars and produces approximately 1/5th of the 
respective air pollution in terms of CO2 production, since the project inception, the maximized energy efficiency gain was 
one of the main project goals. This has largely been made possible due to the advanced IT technologies available in control 
systems, especially for the trains operation. 

The following chapters outline the measures taken to optimize the energy consumption in Line 4. They contain new 
system architectures even for traditional Metro systems such traction power and tunnel ventilation as well as the trains 
themselves, new operational methodologies using high performance intelligent control systems and new equipment 
characteristics. A general map of Line 4 with the 15 stations is shown in Figure 1 below. 

 

 
Figure 1 Metro Line 4 map, showing also sections of Lines 1,2 and 3  

TRAIN BRAKING REGENERATED ENERGY RETURN TO THE CITY POWER GRID 

When a train applies its brakes, typically, the motors are instantly turned into generators and generate electrical energy 
from the kinetic energy of the train. This braking action is raising the line voltage in the 3rd rail above the nominal 750 V 
and up to 900 V, until braking is released. 

LINE	4	–	Section	A	
• 12,9	km	length	
• 15	stations	
• 20	driverless	trains	
• 220.000	passengers	daily	
• Budget	:	1.51	billion	€	
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Some of this energy may be used by other trains in the near vicinity requiring power at that moment in time (eg when 
accelerating). However, when the line voltage generated which is continuously being monitored, exceeds a certain threshold 
value of the order of 800 V, then the regenerated DC current fed to the electrified 3rdrail, according to this new energy 
return system, will be inverted into AC using an inverter, then stepped up to 20 kV using a transformer and fed back to the 
city Medium Voltage 20 kV grid. 

In certain cases, in parallel to the line voltage monitoring, the rectifier current is also monitored for assessing the 
correct upper limit of the voltage that will trigger the energy return process through power electronics. 

The equipment for the regenerated energy return with the inverter sized at 1.6 MVA and the transformer sized at 1.9 
MW, will be housed inside every Rectifier Substation of the line and should be able to withstand the reverse loading based 
on the 90 sec train headways, with +50% overloading for 2 hours and up to +400% overloading for 15 seconds. 

Although the analysis may indicate that some rectifier substations may be better positioned for returning the 
regenerated energy back to the city 20 kV grid, and thus have better energy return characteristics, all substations shall have 
the same size units for reasons of uniformity and hence easier maintenance and spare parts management. 

The above process will require significant cooperation of several organizations and entities, covering the issue from 
the technical, financial, legal and regulatory points of view. The are namely, the Metro Operations company (STASY SA) 
responsible for operating Line 4, the Public Power Corporation (PPC) responsible forrecordingthe energy provided and the 
energy returned and the respective billing, DEDDHE and ADMHE being the organizations responsible for the Medium 
Voltage power distribution to the users and the High Voltage power supply networks of 150 kV or 400kV and eventually 
RAE - Energy Regulatory Authority – Responsible for the regulatory / legal framework 

At every substation two 20 kV electricity meters are required, one for recording the supplied energy and one for the 
regenerated – returned energy. Alternatively, one “smart” meter may be used instead, for recording both and providing the 
net energy provided, by subtracting the returned energy from the supplied energy. 

A schematic diagram of the traction power supply and energy return equipment is shown in Figure 2 below : 

[17]
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Figure 2 Schematic diagram of consumed and regenerated braking energy return to the city power grid 

Traction power simulations that were performed analysed the electrical loadflows for the supplied and returned power from 
the Line 4 trains. In the analysis several assumptions were made on the kinematic, mechanical and electrical characteristics 
of the trains and the traction and energy return systems to be used as these are still in the tender stage. The traction energy 
consumption results are summarized and shown below: 

[18]



 
EinT2018 - 3rd International Conference “ENERGY in TRANSPORTATION 2018”		

	

	

	
	

Figure 3 Traction energy consumption variation with train headways for different electrification schemes 

As seen from the above graph the braking regenerated energy provides significant energy savings calculated to be of the 
order of 27 % which is also indicated in Figure 4 below, which shows the overall % annual cost savings from the reduced 
traction energy consumption with respect to the total traction energy consumed. 

 

Figure 4 % annual cost savings from overall reduced energy consumption 

In theory this regenerated energy could either be used by other trains or fed to heating resistors on board the trains 
and dissipated as heat in the tunnels. This is where the reversible substations make the difference and return part of this 
energy back to the city power grid, this being a function of the train headways – ie the lower the headway the lower the % 
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of energy sent back to PPC - . This is expected as at low train headways (eg 90 sec), there are many trains on the line and 
the chances are high that when a train brakes another train will be in the near vicinity and will use the regenerated energy 
fed back to the 3rd rail. In practical terms, for typical train headways of 150 sec, a 15% of traction energy saving is expected. 

The cost in Euros of the returned energy is estimated to be of the order of 1 million € / year and will be credited to 
the Metro Operations Company STASY S.A.. It appears that the investment on the energy return equipment is worth it 
with a break-even period of approximately 10 years. 

TRAIN MOVEMENT OPTIMIZATION FOR MAXIMUM REGENERATED ENERGY RE-USE BY OTHER TRAINS 

The signaling systems controlling the movement of trains on Line 4, shall have the capability to optimize on-line the 
movement of the whole train fleet through the ATO (Automatic Train Operation) subsystem, according to which trains are 
driven with the optimal acceleration, constant speed, coasting and deceleration, free from the driving characteristics of the 
individual drivers who are only limited by the ATP (Automatic Train Protection) system in their driving practices. The 
signaling systems send and receive information from each moving train at least 5 times /sec and can thus fully and 
accurately control their movements in tunnels and stations.  

 

Figure 5 Signaling system schematic layout indicating the equipment at train, tunnel, station and OCC levels where 
the train movement is being continuously managed. 

 
ATO operation alone can result in an energy saving of 10-15% on the traction energy consumed. In monetary terms, 

based on calculations for Metro Lines 2 & 3, this works out to approximately 35.000 €/km of the line per year. 
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Furthermore, state of the art central signaling systems are being developed to operate the complete train fleet, 
optimizing to the maximum possible degree the time synchronization of the acceleration period of certain trains with the 
deceleration and braking of other trains in the near vicinity, and this increases the utilization of the regenerated energy by 
other trains. In this manner accelerating trains will receive maximized regenerated energy from nearby braking trains. 

Algorithms to attain this goal may use the introduction of small time delays (of a few seconds) in the dwell time of 
trains in the stations, or the use of coasting of the trains after accelerating (i.e. moving with their own momentum without 
consuming energy in their traction systems), with a time delay of up to 5 sec/km. 

All the above is under the strict assumption that the trains time schedule is kept unchanged with only minor 
adaptations of a few +/- seconds. 

DYNAMIC TRAIN HEADWAYS MODULATION BASED ON ON-LINE PASSENGER COUNTING 

A novel function for selecting the number of trains to operate on the line at any given time is provided for Line 4. It is 
based on the automatic counting of passengers that enter the stations and validate their tickets / cards at the fare collection 
gates. The number of these passengers is then averaged over fixed periods of time (e.g. every 10 or 15 or 20 minutes) and is 
provided on-line to the Operations Control Centre (OCC) Supervisor. This information may be complemented by CCTV 
videos from station platforms and from inside the train cars, and also from statistical information for the actual ridership 
figures for that specific time of day and period of the year. 

A simplified approach would be for the OCC supervisor to decide for himself on whether to add or take out trains 
from the line and thus utilize the optimum number of trains at any time, as based on the actual passenger numbers. In a 
more elaborated approach, specialised software could constantly monitor the above information and propose the optimum 
number of operational trains that the OCC Supervisor can then accept and implement or decline. As one of the aims of this 
function is to decrease the number of operational trains if they are not required, this leads to significant energy savings since 
a train typically consumes 15-20 Kwh of energy to move from one station to another and this times the number of stations 
and the number of trains taken out of operation leads to significant energy savings. 

Any changes in the train headways immediately show up in the Passenger Information Display System in all station 
platforms. 
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Figure 6 Train headways modulation schematic diagram showing involved information and systems 

TRAIN CAR LOADING INFORMATION SYSTEM 

Another useful mechanism that improves passengers’ comfort, reduces the overall travel time, provides a limited 
reduction of energy consumption, and has been made possible by the extensive capabilities of wireless telecommunication 
systems, is the following: Every car of train, after it closes its doors in a station, takes a reading of its weight and based on a 
previous calibration it knows whether it is empty, or relatively empty, or medium full or full or at an extra full load. This 
information is conveyed through the wireless communication system to the next station and it is displayed on the Passenger 
Information Display system screens, located above the Platform Screen Doors. As a result station passengers know on 
which train cars and doors to go for entering into the train, choosing the cars which are less loaded. This action leads to 
faster embarkation of passengers which reduces the dwell time of trains in the stations and results in a faster round-trip 
time for every train. The faster train travel with less idle time improves the transportation process while reducing the energy 
consumption. The steps are shown below: 

 

 

Figure 7 Train car loading information system 
 

The above function can also be made available on mobile telephone applications as well that the passengers could use 
anywhere in the stations, which will be fully covered for 3G / 4G technologies as well as Wi-Fi providing Internet 
connections for passengers’ use. 

NEW TUNNEL VENTILATION SCHEME 

Tunnel ventilation schemes in the Athens Metro have evolved significantly over the last 20 years. Initially the station 
public areas and the tunnels were ventilated using forced ventilation with large axial fans supplying 103 m3/s in every 
station, balanced by mid-tunnel intershaft fans between stations extracting 80 m3/s and Underplatform Exhaust Fans in the 
ststions extracting another 20 m3/s, while the remaining 3 m3/s would keep a small positive pressure inside the stations.  

In subsequent metro extensions phases, tunnel ventilation was performed through the train piston effect and the large 
tunnel fans (in a 2 x 2 x 82 m3/s configuration per station) remained mainly for emergency response uses only while in the 
stations remained an Under Platform and / or an Overtrack Exhaust system working in normal operation. This reduced the 
power consumption down to only 15% of the previous scheme. 

In Line 4 there are two new factors that significantly affect the choice of the tunnel ventilation system:  
(a) the presence of full-height Platform Screen Doors (PSDs) that completely separate the tunnels from the 

stations and make the piston effect more effective in ventilating the tunnels, and  
(b) the train braking energy is returned to the city power grid and is not dissipated as heat on train braking 
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resistors, thus reducing the heat loads in the tunnels. 
The tunnel ventilation principle on Line 4 is to use the train piston effect for ventilation of the tunnels and in case that 

the tunnel temperatures exceed the comfort limits then the emergency tunnel ventilation fans shall work in extraction (at 
half speed) while allowing fresh air will come in through other open shafts. This ventilation scheme is implemented by 
constructing two ventilation shafts in each station - each shaft near the station ends-, and each shaft containing a 30 m2 air 
relief path and 2 x 80 m3/s axial fans. 

The new scheme is shown below: 

 

Figure 8 Tunnel ventilation system schematic diagram 
 
Besides the tunnel ventilation, inside the platform areas (which will be closed towards the tracks by the Platform 

Screen Doors) there will be a ventilation system supplying 10 m3/s of fresh filtered air per platform. This platform air 
supply could easily be air-conditioned if required with a cooling load of the order of 200 kW per station. All space, access, 
power and control provisions will be provided but the air conditioning is left for a later date if required. 

This ventilation scheme is expected to further reduce the energy cost by a further 25% of the previous scheme. 

HUMPED PROFILE IN THE TUNNEL VERTICAL ALIGNMENT 

A passive yet effective way to save on traction energy is to construct the tunnels between stations with a “humped” 
profile in the tunnel vertical alignment, i.e. with local elevation minimum points between the stations. In this manner gravity 
assists the train acceleration when it is departing from a station and also assists braking when the train approaches the next 
station. This results in traction energy savings of 5-8% and less wear on the train brakes.  
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Figure 9 Tunnel humped profile energy saving principle schematic diagram 
 
Studies have shown that the optimum tunnel gradient is of the order of 25%, offering a compromise between higher 

construction cost and lower energy cost, with a breakeven period of approximately 15 years. 
On Line 4 at the subsequent stages of design, efforts will be made to see if this principle can be applied in certain 

station intervals, while safeguarding all the tunneling and geotechnical requirements of the project as well. 
 

COSINE CORRECTION IN POWER SUBSTATIONS 

Every Lighting and Auxiliaries Substation (LAS) is equipped with banks of capacitors that apply load compensation 
and improve the cosine factor in the electrical installations up to 0.95. This results in savings of the order of 5-6% in the 
base electrical loads (fans, HVAC units, lifts, elevators, pumps, lighting, etc). 

USE OF LED LIGHTING AND ADVANCED LIGHTING CONTROL TECHNIQUES 

LED lighting fixtures shall be used throughout in station public areas, in tunnels and in staff areas on Line 4. 
Compared to conventional fluorescent lighting, the above are expected to reduce the lighting energy consumption by 
approximately 60% and the lighting maintenance cost by approximately 65% by increasing the lifetime of the lighting 
fixtures to >30.000hrs. 

Furthermore, the lighting circuits have been designed with individual control, also using lighting sensors where 
applicable and with dimming to further reduce energy consumption when the area use allows. Typical applications include:  

• reducing the lighting levels down to a minimum during the night engineering hours and after all cleaning and 
maintenance tasks are completed,  

• controlling lighting through light sensors during daylight in station public areas with skylights on the roof,  
• using movement sensors in hygiene areas 
• turning lighting off in technical areas when they are unattended 

SCADA AND SYSTEMS AUTOMATIONS  

The electromechanical and railway systems that support the operation of Line 4, excluding the signaling systems that 
control the trains, are monitored and controlled by three central and local control systems. These are : 

• The BACS (Building Automation Control System) which monitors and controls the mechanical and building 
facility installations (Tunnel Ventilation, HVAC, Lifts, Escalators, Pumps, Fire Fighting, etc) 

• The PRCS (Power Remote Control System) which monitors and controls the electrical systems (Medium 
Voltage – 20 kV, Traction power and its subsystems, Power Distribution) 

• The ICMS (Integrated Communications Management System)which monitors and controls all the Low 
Voltage systems (CCTV, Public Address, Clocks, Data Transmission, Telecoms, Access Control and Security 
Systems, etc) 

The BACS and the PRCS systems, together with the Fire Detection sysem are integrated under one central SCADA 
(Supervisory Control and Data Acquisition) software platform with workstations at station and Operations Control Centre 
levels. 

The three above control systems contain energy saving concepts and software modules running continuously and 
improving the operational efficiency of these systems.  

Furthermore, certain systems heavily used by the passengers such as escalators and travellators, have built-in functions 
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to stop operating at no load conditions, and this reduces their consumption even further. 

USE OF HIGH EFFICIENCY MOTORS 

Throughout the Line 4 project, high efficiency electric motors will be used in all sizes of fans, chillers, air handling 
units, heat pumps, rainwater and sewage pumps, escalator and lift motors, fare collection gates, Platform Screen Doors 
motors as well as motors in maintenance equipment.  

All the above types of motors should comply with the EU directive 640/2009 on motor efficiencies. 
 
 

CONDITIONED BASED MAINTENANCE 

As all electromechanical and railway systems as well as all subsystems of trains are monitored and controlled by 
specialized digital control mechanisms, PLCs and computers obtaining streams of data from on-line sensors, this 
information, together with all system and subsystem alarms, malfunctions and failures also recorded and stored in an 
organized manner, are used to implement Condition Based Maintenance instead of the Preventive Maintenance applied in 
the last decades in Metro environments. In practice this is expected to reduce the maintenance activities initially by 15 % 
and in the long run by 35%, optimize the planning, acquisition and use of spare parts and save energy and operational cost 
for the Metro Operations Company STASY S.A. 

MINIMIZING THE CARBON FOOTPRINT 

Energy saving is not only considered during the project operation but also during the project construction. In this 
context an effort is made to utilize materials that have a low CO2 footprint both in the manufacturing as well as in their 
transportation from the point of production to the site where they will be installed, as for example a marble tile from a 
European factory will have a smaller CO2  footprint compared to a granite tile brough in from a distant quarry in another 
continent. In the same context the use of standardized solutions and providing economies of scale for materials and 
equipment is also exercised. 

CONCLUSION 

Several new and state of the art technologies and operational methodologies are outlined for attaining highly efficient 
practices for energy saving and energy management in the new Metro Line 4 project in Athens, which has been tendered 
for construction. Most of these are distinct improvements over previous metro projects, they cover project construction, 
operation and maintenance and have become possible mostly using advanced interfacing and IT technologies offering fast 
data transmission between operational systems, which also contain intelligent modules for energy saving and re-use. It 
should be mentioned that all the expected energy saving and energy re-use percentages are not cumulative but do offer 
substantial energy and cost savings, critical for the Metro Operations Company healthy management and operation. 
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ABSTRACT 
To reach the required thermal comfort in addition to the safety environment and conditions for the travelers. 
Should 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 naval ships and 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. 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 study 
were about 7,000,000 mesh volumes and 1,000 iterations for each case. In this paper, CFD simulation, indicate 
the effect of the thermal comfortable through fixating the location of air inlet at the ceiling and variation the 
locations of air outlets inside the train cabin to reach the best result of the thermal comfort. 
 

I. INTRODUCTION 
The Thermal comfort is one of the most important problems where people increasingly pay attention to the 
development of air-conditioned train. China railway high-speed (CRH) train is becoming a popular mode of 
transportation in China. Air distribution system is very important to flow field, temperature field and heat 
comfort inside the train cabin. CRH train cabin can provide useful information for improving designing and 
locations of inlet and outlet air the next generation CRH train cabin. Researchers have paid attention to air 
distribution and thermal comfort systems in train cabin. Chen et al. (2003) [1] investigated thermal comfortable 
in air-conditioned train cabin and pointed out that volume flow rate of fresh air Clausen et al. (2011) [2]  pointed 
out that important infectious diseases can be transmitted by airborne routes indoors. Zhang and Li (2006) [3]   
studied the dispersion process of cough droplets of individual in a high speed rail cabin. In this paper, CFD 
simulation, investigate the thermal comfort by the temperature and velocity contours in the different cases 
according to the locations of the air outlet and inlet. The present comparisons were made between the numerical 
(predicted results) which obtained by ( ANYSIS 15) and Published experimental results which obtained by 
different researchers (Haitao Wang , Miaoda Lin,)2013[4] , national Journal on thermal Science for improving 
the geometric dimensions inside the cabin of CRH(China Railway High-speed) 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  1 and table 1 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 1: Locations of the Predicted Points and Supply Inlet and Outlet within Train 
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Table 1: Dimensions of the Locations for the Predicted Points as Shown Figure 1 

Figure 2: External and Internal Form for CRH (China Railway High Speed) Train Model (D285/8) 
 
Table 2 : Dimensions for CRH (China Railway High Speed) Train Model (D285/8) 

 
Table 3 : Measured (Experimental)  Boundary Conditions in The Experimental Test 

 

 
 
 
 
 
 
 

Locations 1 2 3 4 5 6 7 8 9 

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 

The seat height of the passengers 1.27m 
Total body surface area of each passenger 1.47m2  = (1.27*0.52)+ 2(0.90*0.45) 
The train model with a dimension 22100mm (L)×3380mm (W)× 2400mm(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 

(22100mm(L)× 50mm(W)×2 (number) 

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

10.83 Air Supply of Flow Rate for Each Person   (l/s) 
18 Temperature of Supply Air (ᵒC) 
3900 Supply Air Volume Flow Rate (m3 / h ) 
31 Thebody Temperature ofPassengers (℃ ) 
Standard adiabatic Surfaces of the Seats and the Walls  
25 The temperature inside Train Set at (ᵒC) 
30 Fluorescent  Lamp Surface Temperature (ᵒC) 
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Figure 3: Comparison Between Measured (Experimental Resulting) and Current Simulated (Predicted Resulting) 

Of Air Distribution Velocity Inside The train Cabin at Specified Locations 
 

A mesh of 9 million elements and 1000 iterations was created in the CFD model to achieve the validation with 
an average error percentage of 1.656%. 

 
Table 4 : Velocities Values of The Simulated (Predicted Resulting) by CFD Inside The Train Cabin at Specified 
Locations As Shown Figure (1 & 3) 

 
Locations 1 2 3 4 5 6 7 8 9 
Velocity(m / s) 0.299 0.300 0.220 0.200 0.270 0.240 0.040 0.020 0.030 

 
Table 5 : Velocities Values of The Measured(Experimental Resulting) Inside The Train Cabin at Specified 
Locations As Shown Figure (1 & 3) 
Locations 1 2 3 4 5 6 7 8 9 

Velocity(m / s) 0.302 0.301 0.240 0.230 0.270 0.250 0.040 0.020 0.030 
 
 
II. 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. As 
shown in figure 4 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Internal form and Geometry of The Cabin in CFD 
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Figure 5:  Dimensions of the Seats inside the Cabin 

 
III. TRAIN CABIN SIMULATION RESULTS AND DISCUSSION 
The results indicate the effect of air flow regimes and thermal pattern in trains cabin through variation the 
locations of outlet air as shown in the following temperature and velocity contours.  
III.1 Case 1 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 6:  Inlets & Outlets of Case 1 
 

Table 6 : Boundary Conditions for 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) 18 
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 Along the Ceiling 0.12 * 2.72 (m) 
Dimensions of Outlet Down Along the Wall  0.12 * 2.72 (m) 
Cabin Dimensions  272(L)*252.6(W)*268(H) Cm 
Aisle Dimension  42 Cm 
Total Surface Area For Each Person  (0.471*1.25)+2(0.4*0.8)=1.22 m" 

[30]



 
	ON 2018”International Conference “ENERGY in TRANSPORTATI rd3 -EinT2017 	

	
	

III.2 Case 2 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 7:  Inlets & Outlets of Case 2 
 

Table 7 : Boundary Conditions for Case 2 
 

 
III.3 Case 3 
 
 
 
 

 
 
 
 
 
 

 
 
 

 
Figure 8:  Inlets & Outlets of Case 3 

 
 

 
 

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 (℃ ) 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 Along the Ceiling 0.12 * 2.72 m 
Dimensions of Outlet Down Wall Between Each Seat 0.20* 0.50 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" 
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Table 8: Boundary Conditions for Case 3 

 
 
III.4 Temperature Contours of Case 1 
 
It is clear in this case as shown in figures 9 to 12.that inlet temperature is 18C and locate at the ceiling as shown 
in temperature contours such that; the range of temperature from 19 to27 C .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 
 

 
Figure 9: Temperature Contours at 1st Row                  Figure 10: Temperature Contours at 2nd Row 
 
 

Boundary Conditions  For CASE 3 
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 (℃ ) 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 Along the 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 
Total Surface Area For Each Person  (0.471*1.25)+2(0.4*0.8)=1.22 m" 
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Figure 11: Temperature Contours at 3rd t Row         Figure 12: Temperature Contours at 4th   Row 
 
III.5 Temperature Contours of Case 2 
 
It is clear in this case as shown in figures 13 to 16.that inlet temperature is 18C and locate at the ceiling as shown 
in temperature contour such that, the range of temperature from 18 to 23.9 C .This case is rather comfortable 
such that there is slightly difference in the temperature of the passenger’s body in all rows between upper and 
lower part, consequently must recommend in this case that the temperature of air inlet is 19 C instead of 18C to 
avoid thermal shock. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13: Temperature Contours at 1st Row                 Figure 14: Temperature Contours at 2nd Row 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15: Temperature Contours at 3rd Row          Figure 16: Temperature Contours at 4th Row 
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III.6 Temperature Contours of Case 3 
 
It is clear in this case as shown in figures 17 to 20.that inlet temperature is 18C and locate at the ceiling  as 
shown in temperature contour such that; the range of temperature from 19 to24 C .This case indicated thermal 
comfort because there is rise in the temperature between the passenger’s bodies due to narrow distance between 
each other (this factor affects raising the temperature between the passenger’s bodies in this case only as the air 
outlet is located at the plane parallel to the plane of the passenger’s bodies and consequently, the direction of 
flow is perpendicular on the plane of the passenger’s bodies) 
 

Figure 17: Temperature Contours at 1st Row              Figure 18: Temperature Contours at 2nd Row 

 
Figure 19: Temperature Contours at 3rd t Row           Figure 20: Temperature Contours at 4th Row 
 
 
III.7 Velocity Contours of Case 1 
It is clear in this case as shown in figures 21 to 24.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; the range of velocity from 0 to 0.23 m/s .This case is not 
comfortable such that 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 
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Figure 21: Velocity Contours at 1st Row                  Figure 22: Velocity Contours at 2nd Row 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 23: Velocity Contours at 3rd Row             Figure 24: Velocity Contours at 4th Row 
 
IV. CRUISE SHIP SIMULATION AND DISCUSSION 
In the current case study the represented mesh is for the full scaled hall with dimensions of 22700 mm 
length, 7240 mm width and 2470 mm height. The CFD used program is ANSYS R 17.2, CFD provides a 
numerical analysis with simulation for solving the conventional conservation equations such as continuity 
equation, momentum equation and energy equation as well, and solving these equations can provide a 
reliable simulation for the movement of the flow inside the closed boundary. Figure 25 indicates the general 
model with major boundary conditions as outlined in Table 9: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 25: Layout and supply and extract ports 
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Table 9: Boundary Conditions 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 26: Temperature distribution contour (C°) at Y-Z Plane 

Figure 26 shows the predicted temperature distribution around the passengers’ head of present case, the 
simulations shows that temperature becomes approximately 21.5 degree Celsius around the head; temperature 
becomes approximately 55-60 degree Celsius around table and the food.   
 
 

 
 

Figure 27: Case (1) Predicted Velocity Distribution, m/s, Y-Z Plane 
 
Figure 27 shows the velocity distribution around the occupant’ head of the present case , the simulation shows 
that velocity becomes approximately 0.38 m/s (75 fpm) around occupants’ head, while it becomes 
approximately 0.3 m/s around space on average. Air is almost stagnant near the floor. 

 
 

Air supply 15 C° 
Supplied air flow rate/Port 0.1665 kg/s  0.375 lb/s 
Air return 26 C° 78.8 F 
Human bodies 36 C°          96.8 F 
Human mouth 37 C°          98.6F 
Lighting 11.1 W/m²  (  1.0 W/ft2) 
Food 80 C°          176 F 
Roof 26 C°          78.8 F              
Floor 24 C°          75.2F      
Walls 24 C°          75.2F      
Windows 32 C°          89.6 F 
Door Pressure-Outlet/26 C°     78.8 F 
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V. CONCLUDING REMARKS 
• For Train case (1):It is 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 such that; the range of velocity from 0 to 0.23 m/s. This case is not comfortable such 
that 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. The range of temperature from 19 to27 C .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. 

• For Train case (2): It is clear in this case that the position of air inlet is in the ceiling and outlet is down 
the wall and the same time between seats such that: The range of velocity from 0 to 0.15 m/s .This 
case is rather comfortable such that there is high mixing air rate in all the rows where low suction rate 
because there is not reduction of the area between the seats and the wall. The range of temperature 
from 18 to 23.9 C. This case is rather comfortable such that there is slightly difference in the 
temperature of the passenger’s body in all rows between upper and lower part, consequently the 
recommendation temperature of air inlet in this case is 19 C instead of 18C to avoid thermal shock 

• For Train case (3): It is 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  such that; the range of velocity from 0 to 0.12 m/s .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. The range 
of temperature from 19 to24 C .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). 

• The cruise ship simulation indicated sensitivity to grid selection and human model configuration as 
well as the outdoor climatic changes. 
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ABSTRACT 

In the present study a theoretical investigation was performed relative to the effect of fuel injection timing malfunction, which was considered 
as retardation compared to the nominal value at a certain operating point, on the performance and combustion characteristics of a single-cylinder 
high-speed direct injection (DI) diesel engine. The examination of fuel injection timing retardation on DI diesel engine performance and combustion 
characteristics was based on the use of a closed cycle engine simulation model and of a cylinder pressure processing and combustion analysis model. 
The engine simulation model was used to generate cylinder pressure profiles for four different values of fuel injection timing. The cylinder pressure 
profiles were supplied to a combustion analysis model developed under a diploma thesis conducted in Hellenic Naval Academy. The combustion 
analysis model provided results for various performance characteristics and combustion characteristics. The examination of the combustion analysis 
model results showed that the retardation of injection timing results in considerable deterioration of diesel engine performance parameters and 
combustion characteristics and thus, it can be considered as an engine malfunction, which require specific maintenance actions. 

INTRODUCTION 

Diesel engine is widely known for its high thermal efficiency, which is superior compared to the efficiencies of spark-
ignition engines, gas turbines and steam turbines (Heywood,1988). Specifically, the thermal efficiency of modern four-
stroke (4-S) diesel engines is close to 50% whereas the thermal efficiency of two-stroke diesel engines is close to 55%. 
Diesel engines indicate also very high availability; high reliability and low maintenance needs and for this reason and also 
due to their high thermal efficiency are selected as prime movers in most of the land-based and marine transport 
applications. However, diesel engine parts have a certain operational life and, depending on engine use and efficient 
maintenance, diesel engines may encounter specific malfunctions, which if not identified on time and treated efficiently may 
lead to severe engine failures (Greuter and Zima,2012). According to Greuter and Zima (2012) the higher proportion of 
diesel engine malfunctions and failures are related to the in-cylinder physical and chemical processes. Fuel injection process 
has a direct and determinant influence on in-cylinder processes and thus, it affects directly diesel combustion mechanism 
and through this, it controls diesel engine performance and combustion characteristics and also in-cylinder pollutant 
formation (Dec,1997;Heywood,1988). Consequently, diesel injection system malfunctions such as excessive fuel pump 
blow-by losses and loss of injection pressure, fuel injector tip blocking and injector needle lift retardation have a direct 
detrimental influence on diesel engine performance and combustion parameters since they alter significantly all in-cylinder 
physical and chemical processes having thus, a profound negative effect on diesel combustion mechanism. Especially, fuel 
injection timing determines the initiation of in-cylinder fuel injection, atomization and vaporization and thus, it controls 
diesel combustion mechanism. Studies conducted in the past have considered the use of injection timing advancement as a 
mean for increasing diesel engine indicated power and thermal efficiency and combined injection timing advancement with 
other technologies such as exhaust gas recirculation (EGR) for controlling diesel emitted pollutants (Hountalas et 
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al.,2005;Hountalas,2000;Kouremenos et al.,2001). However, there is a lack of information regarding the effect of fuel 
injection timing retardation as a result of needle lifts retardation on direct injection (DI) diesel engine combustion 
mechanism and its main characteristics. For this reason, in the present study a theoretical investigation is performed to 
assess the influence of fuel injection timing retardation, which is considered as engine malfunction, on the performance and 
combustion characteristics of a single-cylinder high-speed 4-S DI diesel engine. Specifically, a close cycle engine simulation 
model, based on a multi-zone combustion model, is used upon experimental validation for generating cylinder pressure 
profiles for a nominal injection timing (i.e. 15 degCA BTDC) value at 2500 rpm and at 80% of full load and three retarded 
injection timings (i.e. 14, 13 and 12 degCA BTDC) compared to the nominal value. Afterwards, the cylinder pressure 
profiles are supplied to a cylinder pressure processing and combustion analysis model, which was developed in Hellenic 
Naval Academy under a diploma thesis. The processing of cylinder pressure profiles result in the production of theoretical 
results for main engine performance parameters such as indicated power, indicate mean effective pressure (IMEP) and 
indicated specific fuel consumption (ISFC) and for combustion characteristics such as ignition angle, ignition delay and the 
combustion durations of individual phases of diesel combustion mechanism. The examination of the theoretical results for 
engine performance and combustion parameters showed that the retardation of injection timing affects negatively the diesel 
combustion mechanism resulting in reduction of diesel engine power and thermal efficiency through shifting of diesel 
combustion towards expansion stroke. 

DESCRIPTION OF ENGINE SIMULATION AND COMBUSTION ANALYSIS MODELS 

Brief Description of the Closed Diesel Engine Simulation Model 

In the present study a closed cycle diesel engine simulation model based on a two-dimensional multi-zone combustion 
model was properly modified and used for generating in-cylinder pressure profiles for all examined injection timing values 
(Rakopoulos et al.,2004;Zannis,2006;Zannis and Hountalas,2004). The specific closed cycle engine simulation model was 
developed at the past in the Internal Combustion Engines Laboratory of National Technical University of Athens under a 
Phd thesis (Zannis,2006). According to the multi-zone combustion model concept, fuel jet is divided during in-cyinder 
injection process into discrete control volumes called “zones” (Jung and Assanis,2001;Zannis,2006). Each fuel jet zone is 
treated as an open thermodynamic system, which exchanges energy and mass with its in-cylinder surroundings. Fuel jet 
discretization into “zones” allows the prediction of zone temperature and chemical composition at each crank angle degree 
step. In Figure 1 is shown a representative schematic view of the fuel jet distribution into zones at the axial and the radial 
direction inside the cylinder as well as the effect of swirled intake air movement on fuel jet formulation (Rakopoulos et 
al.,2004;Zannis,2006;Zannis and Hountalas,2004). 

 

Figure 1  Schematic View of the Intake Air Flow Field and one of the Fuel Jets in a Plane Perpendicular to the Cylinder Axis 
(Zannis, 2006) 

 
The thermodynamic conditions inside each fuel jet zone are predicted using the first law of thermodynamics and the 

mass and momentum conservation laws in differential forms whereas the in-cylinder pressure is considered to be uniform 
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at each crank angle degree step. Jet zone temperature variation rate depends directly to the energy released inside the jet 
zone due to induction of vaporized fuel mass and of swirled air mass, to instantaneous zone heat losses, to the variation of 
zone gas mixture internal energy and to the elementary technical work. A first-order ordinary differential equation (ODE) is 
generated by combining equations for first law of thermodynamics and in-cylinder gas equation of state. Also a number for 
first-order ODEs are formulated for all considered fuel jet zones using the energy, mass and momentum conservation laws 
in differential forms. Hence, a set of first-order ODEs is developed, which is numerically solved using a non-stiff predictor 
– corrector method, providing thus predictions for each zone temperature and in-cylinder pressure at each crank angle 
degree step. The specific closed cycle engine simulation model contains also detailed physical and chemical models for fuel 
injection process, fuel jet development and atomization, fuel vaporization, ignition delay, combustion rate, chemical 
equilibrium and in-cylinder soot and NO formation. More detailed descriptions of the aforementioned closed cycle diesel 
engine simulation model can be retrieved from the following references (Rakopoulos et al.,2004;Zannis,2006;Zannis and 
Hountalas,2004). 

Brief Description of the Diesel Engine Performance and Combustion Analysis Model 

A diesel engine experimental data processing and performance and combustion analysis model was developed under a 
diploma thesis in Hellenic Naval Academy (Kourampas,2018). The specific model receives as input raw experimental data 
of cylinder pressure, fuel injection pressure and TDC position, which have been obtained from a diesel engine cylinder over 
many consecutive cycles. Usually cylinder pressure is measured in internal combustion engines using a piezoelectric 
transducer whereas a piezoelectric transducer is usually used for fuel injection pressure recording at the high pressure 
pipeline connecting the fuel injection pump with the fuel injector (Bueno et al.,2009;Bueno et al.,2011;Bueno et al.,2012). A 
problem raised with cylinder pressure and injection pressure measurements is that each cylinder and injection pressure 
should be matched with a corresponding crank angle for generating a cylinder pressure – crank angle and an injection 
pressure – crank angle profile for each measured engine cycle (Hountals and Anestis,1998). Hence, the developed 
performance and combustion analysis model is generating cylinder pressure and injection pressure profiles for each 
measured cycle and also mean cylinder pressure and injection pressure profiles over all measured cycles by correlating 
cylinder pressure and injection pressure data with TDC position data (Ding et al.,2011;Roth et al.,2002;Stas,1996). The 
mean cylinder pressure and injection pressure profiles obtained at each engine operating point are then used for the 
calculation of engine performance characteristics such as indicated work/power, brake work/power, ISFC, IMEP, indicated 
and brake efficiency and dynamic injection timing. The combustion analysis model is also using the mean cylinder pressure 
profile at each operating case for performing a heat release rate analysis. Specifically, the differential expression of the first 
law of thermodynamics and ideal gas equation of state during closed engine cycle provides the two following equations: 

 b l
V

dQ dQ dV dT
p mc

d d d dj j j j
- = +  (1) 

 
dV dp dT
p V mR
d d dj j j

+ =  (2) 

In Eq. (1) the term b
dQ

dj
is called gross heat release rate whereas the difference b l

dQ dQ

d dj j
-  is called net heat release rate and 

it can be determined from the following differential equation (Kourampas,2018;Heywood,1988): 
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p V
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The term l
dQ

dj
in Eqs (1) and (3) corresponds to the instantaneous heat losses of the in-cylinder gas mixture, which are 
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transferred to the cylinder walls and to the cylinder head through mainly convection and flame radiation. For this reason, in 
the present analysis the instantaneous heat flux from the cylinder gas mixture to the cylinder walls and to the cylinder head 
is calculated using Annand’s semi-empirical model, which takes into account both cylinder gas convection and flame 
radiation (Annand,1963;Heywood,1988): 

 0.7 4 4Re ( ) ( )g

c g w g w
q a T T c T

D

l
s= - + T -  (4) 

where: 

 Tg is the in-cylinder bulk gas temperature at each crank angle, which is calculated through ideal gas equation of state 
using instantaneous cylinder pressure and instantaneous cylinder volume. 

 Tw is the mean temperature of cylinder walls and the corresponding mean temperature of the cylinder head. 

 σ Stephan- Boltzmann radiation constant (5.67x108 W/m2K4). 

 λg is the in-cylinder gas thermal conductivity, which is calculated using a polynomial expression of the in-cylinder gas 
temperature. 

 Re is the dimensionless Reynolds number, which is equal to Dsn/30νg, where D is the cylinder bore, s is the piston 
stroke and νg is the in-cylinder gas kinematic viscosity. 

Hence the aforementioned heat release rate analysis of the cylinder pressure profile at each operating point can derive 
results for the instantaneous gross and net heat release rate, the cumulative gross and net heat release rate, the ignition 
angle, the ignition delay and also the combustion duration of 5%, 25%, 50% and 90% of total injected fuel mass per engine 
cycle. 

DIESEL ENGINE AND FUEL DESCRIPTION 

The diesel engine examined in the present study is the “Lister LV1” test engine, which was installed in the Internal 
Combustion Engines Laboratory of National Technical University of Athens, Greece. The specific engine is four stroke, 
direct injection, and single cylinder, naturally aspirated and bowl-in-piston diesel engine. Its cylinder bore is equal to 85.73 
mm and its piston stroke is equal to 82.55 mm. The specific diesel engine was connected to a hydraulic brake for power 
absorption. “Lister LV1” engine was equipped with a conventional high pressure reciprocating fuel pump, which was 
connected with engine’s camshaft whereas dynamic injection timing variation in the specific engine can be attained through 
variation of static injection timing. The specific engine was equipped with a piezoelectric transducer placed on the cylinder 
head for recording in-cylinder pressure, with a piezoelectric transducer for recording fuel injection pressure and a magnetic 
pick-up placed on the engine’s flywheel for recording TDC position signal. Cylinder pressure, injection pressure and TDC 
position signals are transferred to amplifiers and then were collected to a personal computer through a fast acquisition 
multi-channel card. The diesel oil considered in the present analysis is a Finnish summer grade city diesel, which was 
prepared along with other 12 fuels under a European research project aiming to the identification of the effect of fuel 
composition and properties on DI diesel engine performance characteristics and pollutant emissions (NEDENEF,2003). 
The specific fuel was used as basis for the preparation of all the other fuels and for this reason was called “D1 – Base fuel”. 
The “base fuel” has lower heating value (LHV) equal to 43.03 MJ/kg and its Cetane number is equal to 53.3. More details 
about the chemical composition and the physical and chemical properties of the specific diesel oil can be found in 
references (NEDENEF,2003;Rakopoulos et al.,2004;Zannis,2006;Zannis and Hountalas,2004). 

RESULTS AND DISCUSSION 

Experimental Validation of Engine Simulation Model Predictions for In-Cylinder Pressure 

Before performing the theoretical examination of the effect of injection timing retardation on the combustion 
characteristics of the single-cylinder high-speed DI diesel engine “Lister LV1” at 2500 rpm, it is of utmost importance to 
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validate the predictive ability of the close cycle diesel engine simulation. Specifically, it should be assessed whether the 
engine simulation model predicts in-cylinder pressure during the entire diesel engine closed cycle with sufficient accuracy. 
This should be done to ensure that in-cylinder pressure profile predictions for all examined injection timing values are 
accurate and reliable. For this reason in Figure 2 is shown a comparison of predicted and experimental results for in-
cylinder pressure of the “Lister LV1” diesel engine at 2500 rpm and at 80% of full engine load. In-cylinder pressure 
predictions shown in Figure 2 were generated using the closed cycle engine simulation model for mean injection pressure 
equal to 238 bar, fuel consumption rate equal to 1.19 kg/h, fuel injection timing 165 degCA after BDC (15 degCA BTDC) 
and compression ratio equal to 17.1:1. Experimental in-cylinder pressure profile shown in Figure 2 corresponds to the mean 
cylinder profile, which was calculated from processing of experimental data for cylinder pressure obtained over many 
concecutive engine cycles during a detailed experimental investigation performed in the past with various test fuels 
(NEDENEF,2003;Rakopoulos et al.,2004;Zannis,2006;Zannis and Hountalas,2004). According to Figure 2, it is observed 
that the closed cycle engine simulation model predicts with sufficient accuracy the in-cylinder pressure either during 
compression stroke both during combustion and expansion stroke. Hence, the main thermodynamic parameter (i.e., in-
cylinder pressure) characterizing in-cylinder phenomena evolution during closed engine cycle is accurately predicted by the 
engine simulation model. Consequently, the specific engine simulation model can reliably be used for generating close cycle 
in-cylinder pressure profiles for all values of injection timing variation considered in this study allowing thus, through their 
processing, the assessment of injection timing influence on diesel engine combustion mechanism and its relative 
characteristics. 

 

Figure 2. Comparison of Theoretical and Experimental Values of In-Cylinder Pressure. Modeling and Experimental Results are 
given for Single-Cylinder High-Speed DI Diesel Engine “Lister LV1” at 2500 rpm and 80% of full load. 

Effect of Injection Timing Retardation on DI Diesel Engine Performance and Combustion Characteristics 

Having examined and secured that the closed cycle engine simulation model predicts with sufficient accuracy the 
variation of in-cylinder pressure with crank angle during all phases of a closed engine cycle, a theoretical investigation of the 
effect of injection timing retardation on the performance parameters and the combustion characteristics of the 4-S high-
speed single-cylinder DI diesel engine “Lister LV1” using the fuel D1-base. Specifically, it is examined the influence of fuel 
injection timing retardation (late start of injection) compared to the nominal value of injection timing at 2500 rpm and at 
80% of full load of “Lister LV1” engine on the indicated power, the ISFC, the instantaneous net heat release rate, the 
cumulative net heat release rate, the ignition angle, the ignition delay and the combustion durations of 5%, 25%, 50% and 
90% of total fuel injected mass per engine cycle. The values of fuel injection timing examined in this theoretical 
examination are: 165 degCA ABDC (15 degCA BTDC – Nominal value of injection timing at 2500 rpm and at 80% of full 
load), 166 degCA ABDC (14 degCA BTDC), 167 degCA ABDC (13 degCA BTDC) and 168 degCA ABDC (12 degCA 
BTDC). 

In Figure 3 is shown the effect of injection timing retardation on in-cylinder pressure predictions of “Lister LV1”, 
which were generated using the closed cycle engine simulation model. Simulations were performed considering the chemical 
composition and the chemical and physical properties of the base diesel fuel and cylinder pressure predictions were 
produced for four injection timings namely 15 degCA (Nominal value at 2500 rpm and at 80% of full load), 14 degCA, 13 
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degCA and 12 degCA. According to Figure 3, the retardation of fuel injection timing results in the considerable reduction 
of in-cylinder pressure during combustion phase around TDC providing thus, a noticeable reduction of maximum 
combustion pressure. The higher reduction of cylinder pressure during combustion phase is observed in the case of 12 
degCA. The reduction of cylinder pressure during combustion phase with retarded injection timing is closely related, as will 
be evidenced more clearly below, with the retardation of combustion initiation. It should be mentioned here that the 
cylinder pressure variations caused by the delay in the start of injection will result in small variations in engine load and 
rotational speed. It should be also commented that the delay in the start of injection does not bring noticeable variations in 
cylinder pressure during late expansion stroke just before exhaust valve opening. 

 

Figure 3. Effect of Injection Timing Retardation on Cylinder Pressure Predictions of ‘Lister LV1” DI Diesel Engine. Theoretical 
Results for Cylinder Pressure are given at 15 degCA BTDC (Nominal Value at 2500 rpm and at 80% of full load), 14 degCA 
BTDC, 13 degCA BTDC and 12 degCA BTDC. 

 
In Figure 4 is shown the effect of injection timing retardation on the instantaneous net heat release rate (Figure 4(a)), 

on the cumulative net heat release rate (Figure 4(b)) and the instantaneous in-cylinder bulk gas temperature (Figure 4(c)). All 
theoretical results shown in Figure 4 were generated with the cylinder pressure processing and combustion analysis model 
for four injection timings namely 15 degCA BTDC (Nominal value at 2500 rpm and at 80% load), 14 degCA BTDC, 13 
degCA BTDC and 12 degCA BTDC of “Lister LV1” test engine. As observed from Figure 4(a), the retardation of injection 
timing results in combustion initiation delay and to the suppression of premixed combustion phase intensification, which 
eventually results in reduction of peak net heat release values during premixed combustion period. In other words, injection 
timing retardation results in less reactive premixed combustion phase and in reduced peak combustion-released energy 
values. On the other hand, the delay in start of injection results in the intensification of combustion energy released during 
diffusion-controlled combustion phase. Hence, the delay in in-cylinder injection process commencement leads to a lower 
injected fuel mass proportion burned in a premixed-controlled mode and a higher fuel mass proportion burned in a 
diffusion-controlled mode. This observation means that the retardation of injection process initiation results in a diesel 
combustion shift to the expansion stroke enhancing thus, the combustion-released energy rate during downward piston 
movement from BDC to TDC. The effects of the delay in in-cylinder fuel injection process commencement on 
instantaneous net heat release rate evidenced in Figure 4(a) are reflected also in the the cumulative net heat release rate 
values shown in Figure 4(b). Specifically, according to Figure 4(b), the retardation of injection timing by 3 degrees 
compared to the nominal value reduces significantly the cumulative combustion-released energy during the initial stages of 
combustion, where in-cylinder physically and chemically prepared mixture is burned homogeneouslyw whereas promotes 
the pertinent mixture-burning energy during the expansion stroke, where the in-cylinder combustion rate is governed by the 
amount of vaporized fuel entrained the combustion zones. Finally, as witnessed from Figure 4(c), the delay in injection 
process initiation results in delayed in-cylinder bulk gas temperature elevation due to combustion and in the curtailment on 
bulk gas temperarure rise during premixed combustion phase. Oppositely, according to Figure 4(c), the retardation of 
injection timing results in higher in-cylinder gas temperatures during expansiojn stroke, where in-cylinder flame propagation 
is governed by diffusion. Consequently, the delay of in-cylinder fuel injection process commencement results in the increase 
of exhaust gas temperature just before exhaust valve opening due to combustion shift towards expansion. This is a strongly 
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undesirable phenomenon for engine operational integrity since high exhaust gas temperatures can result in considerable 
thermal loading of exhaust valves and also can result in fire initiation in the exhaust outlet possibly due to lubricant oil 
ignition. 

 

(a) (b)

 

(c) 
Figure 4. Effect of Injection Timing Retardation on (a) Instantaneous Net Heat Release Rate, (b) Cumulative Net Heat Release 
Rate and (c) In-Cylinder Bulk Gas Temperature. Results of the Combustion Analysis Model are given for the Single-Cylinder 
High-Speed DI Diesel Engine ‘Lister LV1’ at 15 degCA BTDC (Nominal Value at 2500 rpm and at 80% of full load), 14 degCA 
BTDC, 13 degCA BTDC and 12 degCA BTDC. 

 
In Figure 5 is shown the influence of injection timing retardation on the indicated power (Figure 5(a)), the ISFC 

(Figure 5(b)) and peak cylinder pressure (Figure 5(c)). All theoretical results shown in Figure 5 were generated with the 
cylinder pressure processing and combustion analysis model for four injection timings namely 15 degCA BTDC (Nominal 
value at 2500 rpm and at 80% load), 14 degCA BTDC, 13 degCA BTDC and 12 degCA BTDC of “Lister LV1” test engine. 
As observed from Figure 5(a), the delay in the start of injection result in small reduction of the examined diesel engine 
indicated power due to reduction of the fuel injected mass percentage burned in premixed combustion phase and due to the 
consequent increase of the fuel injected mass proportion burned in diffusion combustion phase during expansion stroke. 
According to Figure 5(b) the retardation of fuel injection timing results in small increase of ISFC due to the shift of diesel 
combustion towards the expansion stroke. Hence, the injection commencement delay is directly related to diesel engine 
efficiency deterioration, which is a strongly undesirable phenomenon since the major asset of diesel engines is their high 
thermal efficiency. Finally, as witnessed from Figure 5(c), the injection commencement delay results in significant reduction 
of maximum combustion pressure, which is up to 7 bar when injection timing is delayed by 3 degrees compared to the 
nominal value. The reduction of maximum cylinder pressure with injection timing retardation is associated explicitly with 
the reduction of premixed combustion phase intense. 
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(a) (b) 

 
(c) 

Figure 5. Effect of Injection Timing (i.e., Start of Injection) Retardation on (a) Indicated Engine Power, (b) Indicated Specific 
Fuel Consumption (ISFC) and (c) Peak Cylinder Pressure. Results of the Combustion Analysis Model are given for the Single-
Cylinder High-Speed DI Diesel Engine ‘Lister LV1’ at 15 degCA BTDC (Nominal Value at 2500 rpm and at 80% of full load), 14 
degCA BTDC, 13 degCA BTDC and 12 degCA BTDC. 

 
Figure 6 depicts the impact of injection timing retardation on the ignition angle (Figure 6(a)) and on the ignition delay 

(Figure 6(b)). According to Figure 6(a) it can be observed that the injection initiation delay results in reduction of ignition 
angle (expressed in crank angle degrees from TDC) or in other words, results in delay of combustion commencement. On 
the other hand, according to Figure 6(b), the reduction of injection timing (expressed in crank angle degrees from TDC) 
results in insignificant variations of ignition delay due to the fact that the ignition angle is varying as much as injection 
timing and thus their difference remains almost the same. On a fundamental basis, the variation of injection timing does not 
affect directly the fuel physical and the chemical preparation period (i.e., ignition delay), which is primarily related to the in-
cylinder gas phase pressure and temperature at the end of compression stroke, the fuel ignition quality (i.e. fuel Cetane 
number) and the local fuel/air equivalence ratio (Heywood,1988). 

 
(a) (b) 

Figure 6. Effect of Injection Timing (i.e., Start of Injection) Retardation on (a) Ignition Angle and (b) Ignition Delay. Results of 
the Combustion Analysis Model are given for the Single-Cylinder High-Speed DI Diesel Engine ‘Lister LV1’ at 15 degCA BTDC 
(Nominal Value at 2500 rpm and at 80% of full load), 14 degCA BTDC, 13 degCA BTDC and 12 degCA BTDC. 

 
In Figure 7 is shown the effect of injection timing retardation on the combustion duration of the 5% (Figure 7(a)), the 
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25% (Figure 7(b)), the 50% (Figure 7(c)) and the 90% (Figure 7(d)) of the total injected fuel mass per cycle. As evidenced 
from Figures 7(a)-(d) the retardation of injection timing by 3 degrees compared to the nominal value results in the increase 
of all individual combustion durations. Hence, the delay in the start of injection results in the deterioration of the diesel 
engine combustion efficiency since a higher combustion period expressed in crank angle degrees is required for the 
combustion of same fuel quantity per engine cycle either on premixed mode both on diffusion mode. 

 
(a) (b) 

 

(c) (d) 
Figure 7. Effect of Injection Timing (i.e., Start of Injection) Retardation on (a) 5%, (b) 25%, (c) 50% and (d) 90% Burnt of the 
Total Injected Fuel Mass per Engine Cycle. Results of the Combustion Analysis Model are given for the Single-Cylinder High-
Speed DI Diesel Engine ‘Lister LV1’ at 15 degCA BTDC (Nominal Value at 2500 rpm and at 80% of full load), 14 degCA 
BTDC, 13 degCA BTDC and 12 degCA BTDC. 

CONCLUSION 

A theoretical examination was performed in the present study to investigate the effect of fuel injection timing 
malfunction (i.e. retardation compared to the nominal value) to a single cylinder high speed DI diesel engine performance 
and combustion characteristics. A closed cycle engine simulation model was used to generate cylinder pressure profiles for 
four different values of fuel injection timing i.e. 15 degCA BTDC (Nominal value at 2500 rpm and at 80% load), 14 degCA, 
13 degCA and 12 degCA BTDC. The generated cylinder pressure profiles were supplied to a performance and combustion 
analysis model developed under a diploma thesis in Hellenic Naval Academy. The combustion analysis model produced 
theoretical results for main performance characteristics and for specific combustion characteristics such as instantaneous 
and cumulative net heat release rates, ignition angle, ignition delay and individual combustions durations. From the 
assessment of the performance and combustion analysis model results examined in this study it can be concluded that the 
retardation of fuel injection timing results in: 

 Reduction of the intensity of the premixed combustion phase and enhancement of the intensity of the diffusion-
controlled combustion phase. 

 Increase increase of exhast gas temperature at exhaust valve opening. 

 Reduction of indicated power and increase of ISFC and thus, reduction of engine indicated efficiency. 

 Considerable reduction of peak cylinder pressure 

 Reduction of ignition angle 
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 Increase of 5%, 25%, 50% and 90% combustion durations of the total fuel injected mass per engince cycle revealing 
thus, a deterioration of premixed-controlled and diffusion-controlled combustion efficiencies. 

Overall, it can be stated that the fuel injection timing malfunction is an undesirable phenomenon since it can be led to high 
exhaust gas temperatures at the exhaust outlet, reduced diesel engine power and thermal and combustion efficiencies. 
Hence, the retardation of injection timing when applied in diesel engines (for example in the case NOx reduction is 
required) it should be accompanied by recording of engine performance and combustion characteristics in order not to 
result in their serious deterioration. 
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ABSTRACT 

Gas turbines are increasingly used nowadays for power generation in many land and maritime applications, so the study of their 
performance and the design of their components for greater efficiency are of great importance.  While operation and performance of thermal systems 
was traditionally studied by means of energy (or first-law) analysis, during the last decades, exergy (or second-law) analysis has been also applied. 
According to it, the rate of exergy destruction is calculated at each component of the system and its contribution to the total exergy destruction can 
be quantified; such information concerns irreversibilities occuring in the system and dictates where to focus aiming to improve performance. Recently, 
a refined version of this conventional exergy analysis has evolved, namely Advanced Exergy Analysis (AEA). AEA further splits exergy 
destruction at each component of the system in endogeneous and exogeneous parts, as well as in avoidable and unavoidable parts. The first split is 
related to the contribution of the other components to the exergy destruction of the component under consideration, while the second one considers the 
unavoidable part of exergy destruction within a component that cannot be eliminated even if the best available technology in the near future would 
be applied; the rest is the avoidable part. Such an approach reveals the potential for improvement at each component, as well as the interactions 
among system components. In the present work, a realistic test-case is defined based on the data of a heavy-duty commercial gas turbine and its 
operation at the design point is modeled by a zero-order thermodynamic model. After performing conventional exergy analysis, AEA is applied, 
the results are assessed, guidelines concerning the potential for improvements are stated and directions for future research are prescribed. 

 

INTRODUCTION 

Power gas turbines are increasingly used nowadays in many fields. Apart from land applications, the field of maritime 
applications is one of the most growing ones, where gas turbines are utilized either for ship propulsion or as a component 
of marine energy systems or even in the context of cryogenic applications (realizing reverse Brayton cycle) in LNG ship 
carriers. As a consequence, the study of the performance of power gas turbines and the design of their components for 
greater efficiency are of great importance. 

Gas turbine is an open cycle internal combustion engine. Traditionally, the study of operation and performance of 
heat engines (and thermal systems in general) was performed by means of energy analysis or first-law analysis (i.e. based on 
the first-law of Thermodynamics). During the last decades, similar studies have been carried out by means of the so-called 
exergy or second-law analysis (Kotas, 1995) (Abam and Mose, 2011) (Ebadi and Gorji-Bandby, 2005) (Chand et al., 2013). 
Exergy analysis is a powerful tool that takes into account concepts related to the second-law of Thermodynamics, like 
entropy generation and exergy destruction (Cengel and Boles, 2008). According to it, exergy destruction is calculated at each 
component of the system. This quantity is related with the losses occurring in the component and with its deviation from 
ideal operation. Thus, conclusions can be drawn concerning the contribution of each component to the total exergy 
destruction of the system and the designer can focus for possible improvements on the more influencing one. 

Such an exergy analysis is now often called conventional analysis. The reason is that a refined version of exergy 
analysis has evolved, named after Advanced Exergy Analysis (AEA) (Tsatsaronis and Morosuk, 2012). While conventional 
exergy analysis identifies the magnitude and location of system irreversibilities, AEA further splits exergy destruction in 
endogeneous and exogeneous parts, as well as in avoidable and unavoidable parts. The first split (endogeneous-exogeneous) 
is related to the contribution of the other components to the exergy destruction of the component under consideration 
(Kelly et al., 2009). The second one considers the unavoidable part of exergy destruction within a component that cannot 
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be eliminated even if the best available technology in the near future would be applied (Morosuk and Tsatsaronis, 2009); the 
rest is the avoidable part. The whole approach reveals the potential for improvement at each component, as well as the 
interactions among system components. Applications of AEA in gas turbines have been presented, mainly by the research 
team that has introduced the concept of AEA (Morosuk and Tsatsaronis, 2009) (Petrakopoulou et al., 2012), as well as by 
other researchers in turbojet engines (Sohret et al., 2015). 

The present work focuses on the AEA of the basic single-shaft configuration of power gas turbine aiming to 
implement, understand and apply AEA in such engines. To this end, a realistic test-case is used based on fata from a 
commercial single-shaft power gas turbine that is utilized in maritime applications. Its operation at the design point is 
modeled by means of a zero-order thermodynamic model. Conventional exergy analysis is first applied and conclusions are 
drawn concerning the components and processes having the most significant contribution to the overall exergy destruction. 
AEA is then implemented and guidelines are stated concerning the potential for performance improvement. Finally, future 
research directions towards further applications of AEA in gas turbines are proposed. 

BACKGROUND MATERIAL 

Elementary Thermodynamics of Heat Engines 

The model of a Heat Engine (HE) according to Thermodynamics is presented in Fig. 1(left). Although thermal energy 
is generally available in conventional fuels and can be released by their combustion, utilization of mechanical energy is 
needed in most applications (prime movers, electric generators, etc). Thus, a HE transforms the available thermal to the 
required mechanical energy.  In its steady-state operation, a HE receives thermal energy in the form of heat (QH) from a 
high temperature heat tank (TH), produces mechanical energy in the form of work (W) and rejects the rest of thermal 
energy in the form of heat (QL) to a low temperature heat tank (TL). To achieve this transformation the HE utilizes a 
working medium (usually a gas) that undergoes a thermodynamic cycle. 

 
 
 

 

 
 

 
 

 

Figure 1 The model of heat engine from Thermodynamics (left). Single-shaft power gas turbine (right). 
 
Gas turbine is a heat engine based on the Joule-Brayton ideal thermodynamic cycle. The model of a single-shaft gas 

turbine is presented in Fig. 1(right). In its steady state operation, air is sucked by the compressor (C) that raises its pressure, 
then it is burned with fuel in the combustion chamber (CC) or burner (B) and finally the high-pressure hot gas expands in 
the turbine (T) to produce work; a part of it moves the comporessor, while the rest is the net work of the plant. In land 
applications, a gas turbine produces mechanical power in a rotating shaft. In the form of turboget engine, a gas turbine 

TL 

TH 

QH 

W 
HE 

QL 

3.1 
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produces the thrust required for airplane flight. We are concerned herein with power gas turbines and in particular with its 
simplest configuration, namely the single-shaft one. Referring to the real rather than the ideal cycle of a real gas turbine, an 
inlet (points 1-2 in Fig. 1(right)) and an exit duct (points 5-6) are also used, the compression in the compressor and the 
expansion in the turbine are not isentropic and the combustion chamber has not an ideal performance. 

First-law analysis of a power gas turbine 

There are various tools of different levels of sophistication in order to simulate and study the operation of a gas 
turbine. In the present work, a zero-order thermodynamic model has been programmed and implemented for the 
simulation of the steady state operation of the gas turbine at its design point. The model applies simple thermodynamic 
relations that relate the working medium state before and after each component of the system. The data required for such a 
tool for the simulation of the performance of a gas turbine are: air mass flowrate at the inlet (ma), environmental state 
(pressure po and temperature Το), pressure loss coefficients for the inlet duct (Kin), exit duct (Kex) and burner (Kb), pressure 
ratio (rc) and isentropic efficiency (ηis,c) for the compressor, combustion chamber efficiency (ηb), inlet temperature (T4) and 
isentropic efficiency (ηis,t) for the turbine, mechanical efficiency for the shaft (ηm), properties (isentropic exponent, specific 
heat capacity under constant pressure) of air (γa, cpa) and gas (γg, cpg) and lower heating value of fuel (qf). 

Referring to Fig 1(right), to quantify the performance of the gas turbine power plant, calculation of the state of the 
working fluid (pressure and temperature) is first required at each characteristic point of the plant (1)-(6). To this end, the 
steps presented in Table 1 are performed to solve for the pressure and temperature at each state. 

 
State p T Other formulas 
(1) p1=po T1=To  
(2)        p2=(1-Kin)p1 T2=T1 ea=(γa-1)/γa 
(3) p3=rc p2 T3=T2{1+[(rc)ea-1]/ηis,c} eg=(γg-1)/γg 
(4) P4=(1-Kb)p3 T4=given f =(cpgT4 - cpaT3)/(ηb qf - cpgT4) 
(5) p5=p6/(1-Kex) T5=T4{1-ηis,t [1-(rt)-eg]} rt = p4/p5 
(6) p6=po T6=T5  

 
where rt is the pressure ratio of the turbine and f=mf/ma is the fuel-air ratio (λ=ma/mf=1/f is the corresponding air-

fuel ratio). The specific work required by the compressor is wc=cpa(T3-T2), while the specific work produced by the turbine 
is wt=cpg(1+f)(T4-T5). The performance of the gas turbine is then assessed by evaluating the following quantities: 

Specific net work:  wc=ηmwt - wc 

Net power:   Wc=mawc 
Thermal efficiency:  η=wc/(fqf) 
Specific fuel consumption: sfc=1/(ηqf) 

Exergy or second-law analysis of a power gas turbine 

The analysis of the performance of a gas turbine presented in the previous section is based on the first 
thermodynamic law (conservation of energy). Referring to Fig. 1(left), first law dictates that W=QH-QL. The corresponding 
thermal efficiency of a HE, namely the percentage of thermal energy transformed to mechanical, is defined by η= W/QH. 
The latter relation is involved in the calculations above and is called first-law efficiency. While first-law treats energy as a 
quantity that is conserved, the second-law of Thermodynamics is concerned with the quality of energy (Cengel and Boles, 
2008). The expression of second law related with heat engines states that there is no HE in which QL=0, that means that 
always η<100%. First-law efficiency could be misleading due to the fact that it does not refer to the best possible 
performance, which in this case is not represented by an efficiency of 100% as somebody may expected. The best possible 
performance for a heat engine is provided by Carnot’s principle, according to which, the maximum efficiency is given by 
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ηmax=1-(TL/TH) (Fig. 1(left)), that in our real case (Fig. 1(right)) could be estimated by ηmax=1-(To/T4). Thus, another 
efficiency metric is defined as ηII=η/ηmax; this is called second-law efficiency and corresponds to the efficiency of the 
engine as a percentage of its maximum possible one (Cengel and Boles, 2008). 

Other principles related with the second law are the increase of entropy and its equivalent concept of decrease of 
exergy. Exergy represents the useful work potential of a system and is defined as the maximum possible work the system 
can deliver as it undergoes a reversible process from a specified initial state to the state of its environment (corresponding 
to what is called “dead state”) (Cengel and Boles, 2008). Reversible work is the maximum amount of useful work that can 
be produced (or the minimum useful work that needs to be supplied) as the system undergoes a process between specified 
initial and final states. This corresponds to the useful work output (or input) produced (or expended) when the process 
between the initial and final states is executed in a totally reversible manner. When final state is the dead state, reversible 
work equals exergy. Irreversibility or exergy destruction expresses the wasted work potential during a process and is 
expressed by the difference between the reversible work produced minus the useful work (or useful work provided minus 
the reversible work). 

Like energy, exergy is met in different forms. In particular, for the application under consideration (gas turbine), the 
involved forms of exergy are: physical exergy consisting of the mechanical exergy EM=maRTo ln(p/po) and the thermal 
exergy ET=macp{(T-To)-To ln(T/To)}, as well as chemical exergy (for a fuel this is given by EC=mafqf) (for details, see in 
Kotas, 1995). The total exergy is their sum E=EM+ET+EC. For the kth-component of an energy system like the gas turbine 
under consideration, exergy balance is expressed as EIN,k= EOUT,k+ED,k, where EIN,k is the exergy input to the kth-
component, EOUT,k is the exergy output of the kth-component and ED,k is the exergy destruction (or irreversibility). 
Accordingly, the exergetic efficiency of the kth-component is define by the ratio εk= EOUT,k/EIN,k. In particular, the 
irreversibility involved in adiabatic steady flow through a device with inlet state A and outlet state B (like the compressor, 
combustion chamber and turbine) is calculated by the exergy balance as IAB=ED,AB= EC,A-WAB+(EM,A-EM,B)+(ET,AB-ET,B) 
(Kotas, 1995). The above calculations related to exergy were added to the simulation tool. 

Application of conventional exergy analysis 

In order to apply the above presented conventional exergy analysis, a test case of academic interest is considered first 
(test case A). Table 2 provides the data that were used in this case, along with the following ones: po=1,01bar, 
To=20oC=293K, γa=1,4, cpa=1,005kJ/kg/K, γg1,33, cpg=1,15kJ/kg/K. The mass flow rate of air at the compressor inlet was 
considered to be 1 kg/s, so the calculated quantities actually refer to their specific values, i.e. per kg of inlet air. 

After application of the first-law analysis simulation tool, the states of the working medium for the the positions (1)-
(6) along the plant (Fig. 1(right)) were calculated. Each state is described by the pressure and temperature values and the 
corresponding values are also presented in Table 2. The calculated values of the performance indices are presented in Table 
3. The results of conventional exergy analysis, i.e. the exergy destruction values involved within each of the basic gas turbine 
components (C, CC, T), are also presented in the Table 2. Fig. 2(left) presents graphically the partial components of the 
exergy destruction (irreversibility) involved in the three basic components (C, CC, T) of the gas turbine plant. As one can 
notice, from Table 2 and Fig. 2(left), the combustion chamber has by far the greatest value and percentage of irreversibility; 
this is about the 80% of the total, while the rest 20% concerns the compressor and the turbine. The result is compatible 
with the literature and the main reason is the chemical reaction involved in CC, which is a highly irreversible process. 

Effect of environmental temperature on gas turbine performance 

A parametric study was performed by allowing the environmental temperature to vary in the range 0oC-50oC (i.e. 
273K-323K). It is well known that the thermal efficiency of a heat engine is reduced whenever the low temperature value 
icreases and this is represented herein. Fig. 3 depicts the variation of first-law efficiency η and specific fuel consumption sfc 
against the variation of themperature To. Efficiency decreases and sfc increases with the increase of To. 
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Table 2. Test case A: data values (left) and calculated states (right) 

Data Value State p[bar] T[K] 
rc 13.125 (1) 1.01 293 

ηic,c (%) 80 (2) 0.993 293 
ηic,t (%) 87 (3) 13.057 691 
T4 (oC) 1100 (4) 12.405 1373 
ηb(%) 98 (5) 1.031 822.8 

qf (kJ/kg) 42100 (6) 1.01 822.8 
Kin (%) 1.5    
Kb (%) 5    
Kex (%) 2    
ηm (%) 99    

ma (kg/s) 1    
 

Table 3. Test-case A: Calculated performance indices (left), exergy destruction and exergetic 
efficiency values per component (right)  

Index Value Component ED(kJ/kg) ED (%) εk (%) 
f (kgf/kga) 0.018 C 56.5 7.7 86.8% 
w (kJ/kg) 171.7 CC 599.4 81.6 46.2% 
η (%) 22.8 T 78.7 10.7 87.8% 
sfc (kgf/kWh) 0.0037 PLANT 734.6 100  
ηII (%) 29     

 

  

Figure 2  Total exergy destruction (I) and partial contributions to it for each component of the gas turbine (left). Pie-chart 
of irreversibility per component of the plant (right). 

 
Fig. 4(left) presents the corresponding variation of the compressor, turbine and plant net specific works. As one can 

notice, the specific work of the turbine remains constant, while that of compressor increases (the warmer the air, the harder 
to compress it). As a consequence the net specific work that is the difference of these two also decreases. Fig. 4(right) 
depicts the plot of plant efficiency, together with the plot of the corresponding Carnot (max) and second-law efficiencies 
against To. All efficiencies decrease with the increase of the environmental temperature. 

Fig. 5(left) presents the variation of the exergy destruction in compressor and turbine with the increase of temperature 
To, while Fig. 5(right) presents the corresponding plot for the combustion chamber, the total exergy destruction and the net 
specific work of the plant. All the results are compatible each other and accordance with the underline thermodynamics. 
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Figure 3 Variation of thermal efficiency (left) and sfc, with the variation of environmental temperature To (right). 
 

  

Figure 4 Variation of specific works (left) and first- and second-law efficiencies, with the variation of To (right). 
 

  

Figure 5 Variation of exergy destruction with the variation of environmental temperature for compressor (IC) and turbine 
(IT) (left) and for combustion chamber (ICC), total (Itot) and specific plant net work (W) (right). 

ADVANCED EXERGY ANALYSIS (AEA) 

According to Advanced Exergy Analysis (Tsatsaronis and Morosuk, 2012), the total exergy destruction in a 
component of an energy system can be split into endogeneous and exogeneous parts (Kelly et al., 2009). Referring to the 
kth-component of system, the endogeneous part of its exergy destruction is associated with the irreversibilities occuring 
within the kth-component operating with its current efficiency, while all other components are considered to operate in an 
ideal way. The remaining part of total exergy, namely the exogeneous exergy, is the one caused in the kth-component due to 
irreversibilities occurring in the rest of the components. This kind of splitting helps to decide where to focus in order to 
improve the thermodynamic efficiency of the component.  

A second type splitting of total exergy refers to unavoidable and avoidable parts (Tsatsaronis and Morosuk, 2012). The 
unavoidable part of exergy destruction of the kth-component of an energy system is that which cannot be reduced due to 
technological limitations, like availability, cost of materials and manufacturing methods, in the forseeable future. The 
remaining part is the avoidable exergy destruction. This kind of splitting provides a measure of the potential for improving 
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thermodynamic efficiency of the component. 
Combination of the two splittings, namely endogeneous- exogeneous and avoidable-unavoidable results to four  kinds 

of exergy destruction. For example, the exogeneous-unavoidable part of the kth-component refers to the exergy destruction 
that cannot be reduced due to technical limitations in the other components of the overall system. To be able to calculate 
these parts of exergy destruction, some modified cycles (with respect to the real one) have to be defined (Morosuk and 
Tsatsaronis, 2009). The real cycle refers to the actual operation of the gas turbine and involves, at each component of the 
plant, the corresponding loss. The ideal (or theoretical) cycle is the one that involves no pressure losses, the compression 
and the expansion are isentropic and combustion efficiency is 100%. To isolate endogeneous exergy destruction within the 
kth-component of the gas turbine, the simulation of the so-called hybrid-k cycle is required. In the hybrid-k cycle, the kth-
component is assumed to operate irreversibly (with losses as in the real cycle), while all other components operate ideally, 
without irreversibilities. For example, the hybrid-C cycle refers to the cycle where only the compressor C operates 
irreversibly and the rest of components operate ideally. Finally, the unavoidable cycle is the real cycle where the data 
concerning the irreversibilities at each component (deviation of the components from the ideal process) are assigned a value 
that cannot be realized in the next future (we actually refer here to the isentropic efficiencies of compressor and turbine, the 
efficiency of the combustion chamber and the pressure loss coefficients). 

All the above cycles were simulated by means of the zero-order thermodynamic model. Having simulated the real 
cycle that corresponds to the actual engine, all the other cycles (ideal, hybrid-C, hybrid-CC, hybrid-T, unavoidable), were 
considered to have the same air-fuel ratio (λ), turbine inlet temperature (T4) and engine net power (W) to those of the real 
cycle (Morosuk and Tsatsaronis, 2009) (Sohret et al., 2015). Special treatment was required to the combustion chamber with 
respect to exergy analysis (Morosuk and Tsatsaronis, 2009). When solving the real cycle, the following relations hold: 
m3+m3.1=m4 and E3+εCC,realE3.1=E4. The exergetic efficiency of the combustion chamber can be calculated by the latter as: 
εCC,real=(m4E4-m3E3)/(m3.1E3.1). In case of hybrid-C and hybrid-T cycles, the combustion is irreversible and the following 
formulas hold: m3+m3.1≠m4, E3+εCCE3.1=E4, where εCC=1. For the hybrid-CC cycle, the following formulas hold: 
m3+m3.1≠m4, E3+εCCE3.1=E4, where εCC=εCC,real (the exergetic CC efficiency of the real cycle computed before). Finally, in 
case of the unavoidable cycle the following formulas hold: m3+m3.1≠m4, E3+εCCE3.1=E4, where εCC>εCC,real (an improved 
value not attainable in the near future). 

Thus, in the cases that continuity is considered not to hold (m3+m3.1≠m4), new values of mass flow rates have to be 
calculated (Morosuk and Tsatsaronis, 2009). In all these cases, a system 3x3 is solved for the 3 unknowns m3=ma, m3.1, m4, 
while the 3 equations are: m3e3+εCCm3.1e3.1=m4e4, W=ηmm4wT-m3wC and m3=λm3.1. The solution of this system is: 
m3.1=W/(AwT-λwC), m4=Am3.1, m3=λm3.1, where A=(λe2+εCCe3)/e4. 

The steps for the calculation of the parts of exergy destruction for the kth-component (C, CC, T) are: 
• Endogeneous exergy destruction: (ED,k)EN calculated by the hybrid-k cycle 
• Exogeneous exergy destruction: (ED,k)EX = ED,k - (ED,k)EN 
• Unavoidability indicator (by the unavoidable cycle): (Λk)UN = (ED,k/Eout,k)UNcycle 
• Unavoidable exergy destruction: (ED,k)UN =(Λk)UN Eout,k 
• Avoidable exergy destruction: (ED,k)AV = ED,k - (ED,k)UN 
• Unavoidable endogeneous: (ED,k)UN,EN =(Λk)UN(ED,k)EN 
• Avoidable endogeneous: (ED,k)AV,EN =(ED,k)EN - (ED,k)UN,EN 
• Unavoidable exogeneous: (ED,k)UN,EX =(ED,k)UN - (ED,k)UN,EN 
• Avoidable exogeneous: (ED,k)AV,EX =(ED,k)AV - (ED,k)AV,EN 
The above AEA calculations were also added to the simulation tool for gas turbine operation at the design point. 

Application of AEA in a heavy-duty gas turbine 

In case of a chemical reaction, like in the gas turbine, mass and exergy balance cannot be simultaneously fulfilled as 

[55]



mentioned in the previous section and the methodology of splitting the system in two subsystems was followed herein 
(Morosuk and Tsatsaronis, 2009). According to it, mass flow rates in all the cycles but the real one are recalculated as 
described before. Due to this fact, in order to apply advanced exergy analysis, real values for the mass air flow and the 
power of the gas turbine (instead of net specific work) have to be provided. To this end, a second test-case B was defined 
based on realistic data of a commercial heavy-duty gas turbine. Although the latter is actually a a two-shaft gas turbine, its 
data were utilized to create a single-shaft test-case (by simply considering the expansion to take place in one turbine instead 
of two). The performance data made available by the datasheet of the product (LM2500, 2018) are: power 25060kW, 
specific fuel consumption 0.227kg/kWh, exhaust flow 70.5 kg/s, exhaust temperature 566οC, heat rate 9705 kJ/kWh. 

The environmental and working medium properties were considered to be: po=1,013bar, To=15oC=288K, γa=1,4, 
cpa=1,005kJ/kg/K, γg=1,33, cpg=1,15kJ/kg/K. The compressor pressure ratio is rc=18 (LM2500, 2018). Inlet mass flow 
rate was set to ma=68.8 kg/s. Mechanical efficiency was considered to be ηm=100%. Fuel was assumed to be gaseous, with 
lower heating value qf=42800kJ/kg, gas constant Rf=0.143kJ/kg/K, specific heat capacity under constant pressure 
cpf=1.664 kJ/kg/K, temperature Tf=To and pressure slightly above that of air entering in the combustion chamber, i.e. 
pf=p3+pd (pd=0 for the ideal cycle, pd=0.5bar for the unavoidable cycle and pd=1.5bar for the real and hybrid cycles). 

 
Table 5. Test case B: data values for real, ideal and 

unavoidable cycles 
Cycle Real  Ideal  Unavoidable  

ηic,c (%) 90 100 93 
ηic,t (%) 92 100 96 
T4 (oC) 1250 1250 1250 
ηb(%) 98 100 99 
Kin (%) 1.5 0 1 
Kb (%) 4 0 2.5 
Kex (%) 2 0 1.5 
εCC 0.657 1 0.687 

 
By means of the simulation tool via a trial and error approach, it was made possible to find the data values that 

provide performance results close to the actual performance of the engine. Afterall, our intention was not to simulate the 
particular engine under consideration but to generate and use in the calculations realistic data corresponding to an existing 
heavy-duty power gas turbine. Table 5 presents these data that are used in what follows for the simulations of the real cycle 
of test-case B. In addition, Table 5 presents the corresponding values data used in the ideal and unavoidable cycles.  

The results concerning the performance of the gas turbine at its design point, as well as conventional exergy analysis 
are summarized for test-case B in Table 6. According to them, the combustion chamber again is the component with the 
greatest contribution in exergy destruction, which now is 85%, greater than that the 81.6% of case A (perhaps due to the 
fact that case B involves greater maximum temperature cycle and fuel-air ratio). The exergetic efficiencies calculated for C, 
CC and T are 92.7%, 65.9% and 96.1%, in accordance with those provided by (Morosuk and Tsatsaronis, 2009) in a similar 
work, 94.7%, 65.2% and 96.5%, respectively.  

 
Table 6. Test-case B: Calculated performance indices (left), exergy destruction and exergetic 

efficiency values per component (right) 
Index Value Component ED (kW) ED (%) εk (%) 

f (kgf/kga) 0.025 C 2254.9 7.6 92.7 
W (kW) 25064.4 CC 25355.1 84.9 65.9 
η (%) 33.7 T 2247.2 7.5 96.1 
sfc (kgf/kWh) 0.249 PLANT 29857.2 100.0  
ηII (%) 41.6     
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Advanced exergy analysis was then applied to test-case B, according to the methodology provided in the previous 
section. The obtained results are summarized in Table 7. They refer to the splitting of the partial exergy destruction (ED,k) at 
each component (C, CC, T), as well as of the total exergy destruction (ED) of the plant into endogeneous-exogeneous and 
unavoidable-avoidable, both in terms of dimensional values and percentage contributions to the total exergy destruction. In 
addition, Table 7 presents the unavoidability indicators ΛUN (calculated by the unavoidable cycle) and the combined 
splitting of total ED into four parts (unavoidable-endogenous, avoidable-endogenous, unavoidable-exogenous, avoidable-
exogenous), both component-wise and overall for the plant. Furthermore, Table 8 presents comparison of the various 
splittings in terms of percentages of the total plant ED with analogous results from the literature, namely from (Morosuk 
and Tsatsaronis, 2009) for a power gas turbine and (Sohret et al., 2015) for a jet engine. Since different engines of different 
operational characteristics have been studied in these works, comparison is included for the sake of completeness and for 
qualitative assessment of the results.  

According to the results included in Tables 7 and 8, the following remarks can be stated: 
- Overall energy destruction (ED) splits in endogeneous and exogeneous parts as 70.3% and 29.7%, respectively. Thus, 

the interactions between components of the plant are weak. The same trend is noticed in the relevant literature, i.e. 
76.5%-23.5% (Morosuk and Tsatsaronis, 2009) and 79.7%-20.3% (Sohret et al., 2015). 

- ED splits into unavoidable and avoidable parts as 81%-19%. Thus, there is rather low potential for improvement in the 
overall plant. The corresponding results from the literature are 70.9%-29.1% (Morosuk and Tsatsaronis, 2009) and 
93.5%-6.5% (Sohret et al., 2015). The differences against the literature noticed here and in the previous remark, have to 
do with the different engines studied, as well as with particular technicalities concerning the implementation of the 
AEA methodology in each of these works. In this spirit, the present results are generally closer to those of (Morosuk 
and Tsatsaronis, 2009), the methodology of which was the basis for the present study and where a similar kind of gas 
turbine has been analyzed. 

- The important percentage of exergy destruction in combustion chamber (CC) and turbine (T) refers to endogeneous 
one. Thus, each of these two components is little affected by improvements in the rest ones. This is not the same for 
the compressor (C), where over the half of the exergy destruction (54.3%) is exogeneous. Thus, possible improvements 
to the other components will have about equal impact to C compared to improvements to the C itself. 

- The greatest percentage of exergy destruction is due to the CC (about 85% according to Table 6). Thus, it is expected 
that improvements in CC will have impact to the other components and overall. However, the greatest part of ED,CC is 
unavoidable (88.3%), so there is low potential for improvements. On the other hand, over 50% of exergy destruction in 
C and T is avoidable; this means that there is potential for improvement in these two components. However, the final 
gain is expected to be low, because they contribute about 10% each to the total exergy destruction of the plant. 

CONCLUSIONS 

The present work focused on the Advanced Exergy Analysis (AEA) of power gas turbines. First, classical first-law 
analysis for a real gas turbine cycle was presented, conventional exergy (second-law) analysis was reviewed and a parametric 
study on the effect of environmental temperature to the performance of a gas turbine was carried out. Then, by means of a 
zero-order thermodynamic model for the simulation of steady-state operation of a gas turbine at its design point, an AEA 
methodology was developed and appled in a test-case with realistic data, available from a commercial gas turbine. The 
results were interpreted, conclusions were drawn for the components with the more important contribution to the overall 
exergy destruction and their potential for improvement was quantified. 

Continuation of this work concerns: (a) the application of the AEA methodology in the whole power range of gas 
turbines (small, medium, heavy-duty) to study how overall and component-wise exergy destruction parts scale with power, 
(b) the implementation of AEA in further applications of gas turbine technology (modeling of turbine air cooling, 
utilization of recuperator, water injected gas turbines) and (c) the extension of AEA to include environmental and/or 
economical issues. 
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Table 7. Test case B: AEA splitting of exergy destruction (in kW) 

ED C  CC T  TOTAL 
(ED)EN 1030.1 (45.7%) 18382.9 (72.5%) 1578.8 (70.3%) 20991.8 (70.3%) 
(ED)EX 1224.8 (54.3%) 6972.2   (27.5%) 668.4   (29.7%) 8865.5   (29.7%) 
ΛUN 0.033 0.457 0.016    ----- 
(ED)UN 946.2   (42.0%) 22353.7 (88.3%) 872.5   (38.8%) 24197.7 (81.0) 
(ED)AV 1308.7 (58.0%) 3001.4   (11.7%) 1374.7 (61.2%) 5659.5   (19.0) 
(ED)UN,EN 450.7 16206.8 602.6 17278.5 (57.9%) 
(ED)AV,EN 579.4 2176.1 976.2 3713.3   (12.4%) 
(ED)UN,EX 495.5 6146.9 269.9 6919.2   (23.2%) 
(ED)AV,EX 729.3 825.3 398.5 1946.2   (6.5%) 

 
Table 8. Comparison of AEA percentage splittings of ED (%) 

ED Present Morosuk and 
Tsatsaronis, 2009 Sohret et al., 2015 

(ED)EN 70.3 76.5 79.7 
(ED)EX 29.7 23.5 20.3 
(ED)UN 81.0 70.9 93.5 
(ED)AV 19.0 29.1 6.5 
(ED)UN,EN 57.9 54,5 77,5 
(ED)AV,EN 12.4 22,0 4,3 
(ED)UN,EX 23.2 16,4 16,0 
(ED)AV,EX 6.5 7,1 2,2 
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ABSTRACT 
The ‘second wave of urbanization’ is a core driver of change in the 21st century and follows the first wave of urbanization that took place in 

developed countries from 1750, lasted 200 years and resulted in the urbanization of 400 million people. By contrast, the second wave of urbanization 
is projected to see over 3 billion additional people living in cities in a time-span of just 80 years, bringing unprecedented challenges to city doorsteps. 
Cities are key leverage points in the quest for global sustainability due to their high levels of consumption, production and waste. The energy sector and 
carbon mitigation have to be at the center of any sustainable development strategy. Planning for energy efficiency includes context specific issues such as 
site selection, type of regional connections, transportation structure and type, the main street layout, as well as the prevailing orientation of new 
developments. It offers opportunities to enhance the quality of urban life by providing spatial solutions, designed for a healthy and comfortable- built 
environment with minimum energy consumption.  

The urban energy planning for cities should include -among others- the reduction of carbon emissions, planning for efficient spatial development, 
developing efficient and accessible public transport, and creating a sustainable and low-carbon energy vision for the future. Cities which implement 
urban energy plans reduce their vulnerability to energy scarcity and to energy price rises, they have less traffic congestion and lower energy input costs, 
they have cleaner air and their low-carbon economies can afford them a competitive economic edge globally. In response, this paper discusses cities' 
transition to urban energy efficiency planning and the role of infrastructures, with focus on transportation planning. The paper highlights the case of 
Egypt as an example of developing countries.  

The objectives of the paper are; firstly to identify the different strategies for urban transportation planning, and secondly to analyze the strategic 
urban planning process in Egypt for small cities. The paper presents a case study from Egypt, illustrating the preparation of a future urban strategic 
plan for a small Egyptian city. The case study shows how innovative solutions can lead to urban energy planning with focus on transportation.  

INTRODUCTION  

The cities of the 21st century are the largest sites of human settlement today and are increasingly acting as critical nexus 
points of social, economic, ecological and technological change. This is especially evident in the developing world city context, 
where the change from rural to urban-based economies and the growth is most rapid. The future sustainability challenges in 
the developing cities will be most severe – all this in the light of growing inequalities, poverty and the pervasiveness of slums 
and informality2. In addition, over the next 30 years population growth will be nearly entirely concentrated in urban areas in the 
developing world. Much of the current debate regarding sustainable cities focuses on the formidable problems for the world’s 
largest urban agglomerations. However, smaller urban settlements are also growing rapidly and the majority of all urban 
dwellers reside in such smaller urban centers1. 

Many cities of developing countries are experiencing rapid growth of motorized transportation. This is leading to severe 
congestion, which, in turn, is reducing productivity. Road accidents have been increasing. Transport emissions have become a 
major contributor to severe air pollution and greenhouse gas emissions. The main cause of these problems has been the 
increasing preference for personal motor vehicles for commuting to work and getting around the city. In many countries, 
urban development practices have worked in favor of such preference, leading to urban sprawl. Thus, corrective measures have 
to focus on reversing the preference for such modes of travel, shifting to public transport, cycling, or walking, and building and 
retrofitting cities to minimize the need for private automobiles. 

The Rio+20 Outcome Document, The Future We Want, reconfirms the importance of eradication of poverty and the 
need for sustained, inclusive and equitable growth. It notes that, “transportation and mobility are central to sustainable 
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development” (Par.132-133). It recognizes affordable and sustainable transport is vital to sustainable cities, as well as the need 
for energy efficiency measures in urban planning, building, and transportation, as part of integrated planning and management  
(Par.128, 134).   

While unmanaged motorization policies may bring short-lived economic and social gains from  additional transport 
infrastructure, research shows that a large part of these positive benefits are quickly offset by a loss of productivity due to 
increased congestion, accidents, air pollution and climate change.   

1. URBAN ENERGY PLANNING FOR CITIES 

Cities are key leverage points in the quest for global sustainability due to their high levels of consumption, production and 
waste2. The energy sector and carbon mitigation have to be at the center of any sustainable development strategy1. Urban 
energy planning is a long and complicated process, which involves many stakeholders. Decisions made at the city or district 
level affect micro-climates in public space and influence the final energy consumption of buildings, their cooling, heating or 
lighting loads. Planning for energy efficiency includes context specific issues such as site selection, type of regional connections, 
transportation structure and type, the main street layout, as well as the prevailing orientation of new developments3. It offers 
opportunities to enhance the quality of urban life by providing spatial solutions, designed for a healthy and comfortable- built 
environment with minimum energy consumption3.  

The aims of sustainable urban energy planning are optimal energy-efficiency, low- or no-carbon energy supply and 
accessible, equitable and good energy service provision to users. Planning is based on consideration of the broader concerns of 
the whole economy, environment (particularly carbon mitigation) and society, not just a ‘least financial cost’ focus1.  

The sustainable urban energy path for cities should include -among others3-4 -the reduction of carbon emissions, planning 
for efficient spatial development, developing efficient and accessible public transport, and creating a sustainable and low-
carbon energy vision for the future. Cities which implement sustainable urban energy plans reduce their vulnerability to energy 
scarcity and to energy price rises, they have less traffic congestion and lower energy input costs, they have cleaner air and their 
low-carbon economies can afford them a competitive economic edge globally1.  

2. SUSTAINABLE URBAN TRANSPORTATION  

In order to study cities and energy consumption; the city can be seen as an ecosystem comprised of 5 main subsystems 
that interact together. These are population sector, employment sector, housing sector, transport sector, and urban land sector. 
The interactions/ casual effective relationships between them can be seen in Figure 1. 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1: Cities and Energy Consumption5. 
 
The paper focuses on the transportation sector as Energy Efficiency measures in this sector have significant potential to 

reduce energy consumption. Transportation is the leading consumer of energy and fuel in the city. The spread of roads 
between extended urban areas have helped people commuting easily between these vast areas. Thus, making distances 
irrelevant and promoting more and more dispersion. In a study conducted in 25 megacities, the following was found:5 

1. Transportation is seen as the single biggest infrastructure challenge by a large margin, and is a key factor in city 
competitiveness.  
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2. With air pollution and congestion emerging as the two top environmental challenges, stakeholders predict a strong 
emphasis on mass transit solutions.  
3. Cities are more likely to focus on incremental improvements to existing infrastructure, rather than new systems.  
4. Demand management is rarely mentioned as a major strategy for addressing the cities’ transport problems 
 
The concept of sustainable transportation promotes a balance between transportation’s economic and social benefits and 

the need to protect the environment. Sustainable Transportation system Allows individuals and societies to meet their access 
needs safely and in a manner consistent with human and ecosystem health, and with equity within and between generations, Is 
affordable, operates efficiently, offers choice of transport mode, and supports a vibrant economy, Limits emissions and waste 
within the planet’s ability to absorb them, minimizes consumption of non-renewable resources, limits consumption of 
renewable resources to the sustainable yield level, reuses and recycles its components, and minimizes the use of land and the 
production of noise5.  

Sustainable Transport enables access to jobs, goods and services that support equitable development while limiting short 
and long-term adverse environmental, social and economic consequences.  

3. STRATEGIES FOR SUSTAINABLE URBAN TRANSPORTATION PLNNING 

Since the rapid increase in the use of personal motor vehicles has been the prime contributor to the problems of 
transport in cities, the focus of remedial measures has to be in reducing such use as well as on reducing the negative impacts of 
whatever motor vehicle use is inevitable.  Efforts done for the achievement of sustainable transport have popularly come 
to be known as the “Avoid–Shift–Improve” (A-S-I) approach.  

3.1 Avoid-Shift-Improve Strategies11-12-13 

Firstly, “avoid” refers to the need to improve the efficiency of the transport system. Through integrated land-use 
planning and transport demand management the need to travel and the trip length may be reduced and the need for longer 
trips will be avoided. Secondly, the “shift” instruments seek to improve trip efficiency. A modal shift from the most energy 
consuming urban transport mode (i.e. cars) towards more environmentally friendly modes is highly desirable. In particular, the 
shift towards the following alternative modes: 
• Non-Motorised Transport (NMT): walking and cycling. They represent the most environmentally friendly options.  
• Public Transport (PT): bus, rail, etc. Although PT also generates emissions, lower specific energy consumption per km 

and higher occupancy levels imply that the associated CO2 emissions per passenger-km are lower compared to cars. 
Thirdly, the “improve” component focuses on vehicle and fuel efficiency as well as on the optimization of transport 
infrastructure. It pursues to improve the energy efficiency of transport modes by introducing more-energy-efficient fuel and 
vehicle policies. Furthermore, the potential of alternative energy use is acknowledged. 

 
In the Avoid-Shift-Improve approach, policies to limit emissions in the transport sector need to consist of measures 

aimed at the following:  
(a) Avoid actions seek to reduce the need for travel, both in terms of the number of trips that people make and the 

length of each of these trips. Good land-use planning focused on developing compact cities and mixed land use, have 
contributed to reducing the need for motorized travel and the length of the trips that need to be made.  

(b) Shift actions seek to persuade people to move away from less sustainable modes of travel—like personal motor 
vehicles—to more sustainable modes, like public transport and non-motorized modes which are more efficient in terms of the 
urban space they occupy, the amount of fuel they consume, and the amount of pollutants they emit. Therefore, investments in 
high quality public transport and safer infrastructure for non-motorized modes are necessary.  

(c) Improve actions seek to reduce the negative impacts of the motorized travel that inevitably continues to take place 
despite the avoid and shift measures. Improving traffic flow, fuel efficiency of motor vehicles, and the quality of fuel used 
helps to reduce the negative impacts of motorization. 

 The A-S-I approach provides multiple additional co-benefits and cost savings related to road safety, air pollution, climate 
change, fuel subsidies removal, universal accessibility and green freight, serving multiple constituencies of civil society and 
business. 
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While the above are a series of initiatives that can be undertaken singularly, they are in fact a well-aligned and integrated 

set of initiatives which work towards sustainable mobility. It is a larger, programmatic vision—backed by a comprehensive set 
of measures—that produce the best results. It is necessary to take a comprehensive and holistic approach that combines 
supply-side measures with demand-side management to integrate transport planning with land-use planning, environmental 
planning, energy planning, and a host of other dimensions, as well as to accommodate the needs of a variety of people who live 
in a city, such as women, children, the aged, and the physically disabled. 

4. EGYPTIAN CITIES' TRANSITION TO URBAN ENERGY SUSTAINABILITY: 

4.1 Background: 

High population growth rates in Egypt with the limited inhabited area had led to the emergence of many problems 
afflicting Urbanism in Egypt now that would naturally result in a negative impact on the various development processes and 
the sustainability of the natural environment. The population of 11 million Egyptians in 1907 rose to more than 73 million 
people in 2006 and to more than 86 million by 2013. This population growth has centered on the territory of the agricultural 
area naturally limited to the Nile valley and delta in the form of random unplanned growth coincided with the official ban on 
the construction on agricultural land.  

It goes without saying that the rapid increase in unplanned urban slums may have contributed to the emergence of many 
environmental, urban, social and economic problems of the Egyptian cities, with the aggravation of many administrative 
problems resulting from the weakness of either the central or local government. This also is including the inability of various 
municipalities. As well as the urban environment degradation, conflict of land use, the spread of poverty and the inability of 
marginalized groups access to urban services.  

4.2 Strategic Urban Plans (SUP) for Cities in Egypt 

SUP project in Egypt aims to implement a participatory approach that integrates the civil society in the planning process, 
in order to define and implement its priority projects and various other activities. The project aims also to create a city that is 
capable of coping with today’s variable circumstances with new tools to create jobs, besides improving the life standards of 
people, especially marginalized and poor people. Accordingly, the United Nations Human Settlements Program (UN-
HABITAT) took the managerial role in the strategic urban planning project for 50 small cities in coordination with the General 
Organization for Physical Planning (GOPP) of the Ministry of Housing, Utilities & Urban Development. The project adopts a 
strategic planning approach to set a comprehensive future plan, in order to achieve sustainable development for all cities. 
While, at the same time, ensure the formulation of an applicable strategy prepared by all stakeholders in each city to ensure the 
commitment towards the suggested future plans, proper usage of available natural resources and identifying the necessary 
resources for implementation.  
 

The SUP Methodology consists of three phases: 
Milestone 1:  

• Field Surveys: A process to verifying the accuracy of the available geographic maps, physical surveys on land 
tenure, construction systems, buildings’ height, housing types, roads’ networks and infrastructure to mark out the 
current physical situation and available land for development. 

• Meetings and Questions: Meeting key stakeholders individually in parallel to working on the field surveys.  
• Revising the Reports and Previous Studies: Those related to the city’s development. 

Milestone 2:  
• City consultation: A presentation of the current status, its analysis, future vision and goals. Agreement on priority 

projects: Identified through participation, time frames and investment plans needed for projects’ funding. 
Formulating the city’s future vision and objectives: Within a certain time frame and emphasis on developing the 
city’s competitive capability.  

• Geographic Information System (GIS): It includes a list of maps illustrating the current situation of the city.  
Milestone 3:  

Preparing the work plans for priority projects: Through the participation of all stakeholders working on both   
implementation and funding.  
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4.3 The Case-Study of Etay El-Baroud City:  

4.3.1 City location 

The geographical location of Etay El-Baroud in Behira governorate -one of the provinces of the delta- lies in the 
northeastern part of the territory of Alexandria, which is in turn the north-west part of the Arab Republic of Egypt. Featuring 
Etay El-Baroud City unique location at the county level, where a network linked to important regional roads through several 
entrances. It is well connected with neighboring cities and has a private location on the Agricultural Road (Cairo-Alexandria).  

The city of Etay El-Baroud also represents a link between the cluster of the cities of the eastern part of Behira province 
namely; Kom Hamada, Delengat and Shoubrakhit. With the presence of large commercial traffic to and from the city through 
its privileged position. In addition, Cairo Alexandria railroad passes through the city, which serves five surrounding cities which 
are Shoubrakhit, Delengat, Kom Hamada, Rahmaniyah and Badr, as shown in Figure 2. 

4.3.2 Current situation of the city's road network 

 The city of Etay El-Baroud has a network of chess orthogonal roads except in the old residential areas. Etay El-Baroud 
city has five entrances from regional road networks that connect it to surrounding cities as shown in Figure 3. 
 

 
Figure 2: Etay El-Baroud Location in Behira Figure 3: City main entrances 

        
 Cairo-Alexandria railway which passes through the city is considered one of the best public transportation methods 
preferred by the commons especially school & university students due to the low fare and the punctuality of the train 
service. The presence of the main railway station in the city is one of the important factors in raising the cost of the 
footprint of land as demand exceeds the available areas. The city is divided into two parts -eastern and western zones- by 
three main dividers; the Cairo-Alexandria railroad, a main waterway as well as the Cairo Alexandria highway, as shown in 
Figure 4. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: City division by different barriers. 
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There are seven main car terminals in the city for public transportation, as shown in Figure 5. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5: Current public transportation terminals. 

4.3.3 Main issues related to Urban Transportation Planning 

- Based on the central location of the city in Behira Governorate; acute traffic jams occur in the center of the city due to 
the movement of commercial vehicles to enter the city center to reach neighboring cities besides the local citizens in 
their daily commuting. 
 

- Having seven public car terminals results in the increase of inward & outward traffic and consequently more fuel 
consumption, carbon emissions and car idling time, Figure 5.   
 

- The eastern and western zones are interconnected only at two main points; the first one is a bridge flying over Cairo-
Alexandria highway. The second point is for pedestrian connection as a pedestrian bridge, Figure 6. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Two points only connecting the city parts. 
 

A number of issues have emerged due to the lack of natural connectivity between the two parts of the city: 
- The flyover bridge is considered as a main traffic bottleneck which results in excessive energy use and carbon 

emissions above standard values as most of the vehicles are poorly engine-tuned. 
 

- Many road accidents occur with pedestrians crossing the railroad, Figure 7. 
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Figure 7: Railway route and the bridge 
 

4.3.4  Targeted goals for Energy Efficient Urban Transportation Planning 

The proposed urban plan targeted the following goals, among others: 
- Decrease the travel distances inside the city to reach transportation terminals; 
- Increase connectivity between the two parts of the city and increase the traffic fluency between the eastern and 

western halves; 
- Stimulate trade both internally and externally; 
- Increase communication between the city and the surrounding cities; 
- Emphasize the role of the city as an attractive center for the surrounding centers. 

 

4.3.5 Participatory processes to achieve the targeted goals and propose actions  

 Meetings with different stakeholders were held to discuss the main issues at the city level and propose sustainable 
actions and projects to achieve the agreed upon targets and goals.  
 
 In addition, and following the SUP methodology, a city wide consultation was organized which resulted in 
stakeholders' consensus on the required actions and projects for the future sustainability of the transportation system at 
the city. 
Figure 8 shows examples of the city participatory meetings & consultations 
 
 

 

 
 
 
 

 
                                
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 8: City participatory meetings & consultations. 
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4.3.6 Proposed actions to achieve energy efficient transportation planning 

A. Proposed Integrated land-use planning to reduce the travel distances inside the city & increase external 
connectivity (Applying the Avoid Strategy) 

 
A number of actions where suggested in order to reduce/avoid the need for motorized travel and the length of the 

trips that need to be made. These actions are as follows: 
- The number of car terminals has been reduced to three only. The eastern terminal will be kept to connect the city with 

eastern villages and cities. 
- The remaining terminals will be grouped in the western area to establish a central terminal which will ease the 

connectivity with the western cities. 
- A third terminal is to be established in the western part of the city to connect it with the villages to the west. 
- The removed terminals’ areas to be used as green areas, public gardens and/or parks. 
- Completion of the upper bridge currently under construction flying over the highway, which will facilitate the 

connectivity between the city and the surrounding cities. 
Figure 9 shows the proposed actions to reduce the travel distances inside the city & increase external connectivity. 
 
	
	
	
	
	
	
	
	
	
	
	
	
	
	

 
Figure 9: proposed actions to reduce the travel distances inside the city 

& increase external connectivity. 
 
B. Proposed actions to encourage the use of public transport & reduce energy usage and carbon emissions 

(Applying the Shift Strategy)  
 

As the investments in high quality public transport and safer infrastructure for non-motorized modes are necessary to 
improve the trip efficiency. The proposed transportation planning improving the trip efficiency will encourage the people 
to make a shift to more use of the Public Transport (PT) in order to reduce energy usage & carbon emissions.  

(PT) generates emissions, lower specific energy consumption per km and higher occupancy levels imply that the 
associated CO2 emissions per passenger-km are lower compared to cars. 

  
C. Proposed actions to improve the traffic flow through increasing the internal connectivity within the city 

(Applying the Improve Strategy)   
 

- It is suggested to construct a ring road that prevents the movement of commercial vehicles across the city to 
neighboring cities;  

- It is suggested to construct a bridge in the southern zone to connect the eastern and western parts to complete the 
ring road; 

- As for pedestrians; it is suggested to add two bridges for them. The location of these bridges had to be properly 
selected and distributed along the separating line between eastern and western parts of the city, 

Figure 10 shows the proposed ring road and bridges. 
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Figure 10: Proposed ring road and bridges. 
 
- Completion of the upper bridge currently under construction flying over the highway, which contributes to the 

following: 
 

o Facilitate liquidity between the two parts of the city. 
o Reduce pedestrian accidents transients’ the highway. 
o Facilitate connectivity between the city and the surrounding cities. 
o Reduce the traffic pressure at the city's entrances. 
o Plant green area below this flyover bridge. 

Figure 11 shows the proposed connectivity of the eastern and western parts of the city (North point). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 11: Proposed connectivity of the eastern and western parts of the city; (North point). 
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- The southern bridge proposal would be along the road leading to the local university at the eastern part, in order to 
connect the student movement & ease transportation to the newly suggested terminal in the west. 

Figure 12 shows the proposed connectivity of the eastern and western parts of the city (South point). 
 

 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 12: Proposed connectivity of the eastern and western parts of the city; (South point). 

 

CONCLUSIONS: 

The main concluding remarks of the present work can be summarized as follows: 
 
- There is a challenge of energy consumption in developing countries. It is important to deal with the role of urban 

centers and local governments in defining a sustainable development path and a new energy future for their countries. 
 

- In the Egyptian context there is a need for more awareness and action towards energy efficient strategies. 
 
 

- It is highly needed to integrate them within urban planning and transportation sector to rationalize energy usage and 
provide green environment. 
 

- The preparation of Strategic Urban Plans for Small Cities has encouraged the participatory process in Egypt.  
 

- Through a participatory process, local stakeholders would support the preparation of a strategic urban plan with 
priority actions to improve urban services and local economy. The strategic urban plan would necessarily provide a 
road map for developing the city for the next two decades.  
 

- There is still a need to integrate energy efficiency considerations as part of any future strategic urban planning project. 
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ABSTRACT 

In this paper, experimental investigation on the wave run up of a semi- submersible floating wind turbine (WT) of 5 MW subjected to 

Airy- linear waves are presented and discussed. The studies were carried out for two different cases: (a) the floating structure with wind turbine 

subjected to waves when the turbine blades are in stationary condition and (b) the floating structure with wind turbine subjected to waves when the 

turbine blades are in operating condition. The experiments were conducted using a scale model (1:100) of a floating structure with three cylinders 

spread symmetrically, constructing an equilateral triangle with the wind turbine at the center of the triangle, in the laboratory wave basin, at the 

Department of Naval Architecture, University of West Attica, Greece. The wave basin measures 11 m x 1.2 m in size and the water depth used 

for the experiment is 0.6 m. The wave basin is fitted with wave absorber on the other side to reduce reflection. The model is fabricated using PVC 

tubes. The turbine blades were also fabricated in PVC, in which the profiles of the blades are as per the National Renewable Energy Laboratory 

(NREL) 5 MW wind turbine. The influence of the turbine blade rotation on the wave run up of the structure was investigated and the responses 

of the system under regular waves were presented in terms of statistical values. The experimental results obtained from numerical investigation gives 

the wave run up near the structure. The mooring system used in this study is a Tension Leg Platform (TLP) system.  

INTRODUCTION 

Offshore wind turbines are an important part of quest for renewable energy resources, as the renewable energy takes 

on added value in view of depleting hydrocarbon resources from onshore and offshore locations around the world. The 

main reason for the rapid growth and development of offshore wind turbines is abundant availability of wind in the 

offshore region. The technical challenge for their design and analysis stems from the effect of high wind and wave. 

Numerous floating support-platform configurations are possible for offshore wind turbines, particularly when considering 

the variety of mooring systems (Mazarakos and Mavrakos 2016, 2017), tanks, and ballast options used in the offshore oil 

and gas industry. For the present study, a semi- submersible floating structure has been chosen as the supporting structure 

for a 5MW WT. The mooring system used in this study is a TLP system. The wave run up of the structure under Airy 

waves has been investigated experimentally. 

The scope of the work consists the following many studies, both numerical and experiment have been carried out in 

the past on the hydrodynamic response of floating systems supporting wind turbines. A review of the past work has been 

carried out and described below. Different design concepts of the floating offshore wind turbine - Cylindrical floater, 

cylindrical floater with tension leg, inverted spar, Tri-floater, quadruple floater, Jack-up were compared. Fulton et al. (2005) 

presented a design concept and dynamic performance of semisubmersible type floating structure with tension moorings for 

5 MW National Renewable Energy Laboratory (NREL) wind turbine in a water depth of 61 m. The response to first and 

second order forces and large survival waves in time domain as well as in frequency domain were discussed (Mazarakos 

2010; Mazarakos et al. 2014b, 2015, 2016). Jonkmann and Buhl (2007) has presented the use of fully coupled aero-hydro-

servo-elastic simulation tools to perform a preliminary loads analysis of a 5-MW offshore wind turbine supported by a 

barge with catenary moorings, which is one of the many promising floating platform concepts. Butterfield et al. (2007) 

carried out a dynamic analysis of the floating wind turbine system supporting 5 MW wind turbine moored to sea floor with 

pre tensioned tethers in TLP designs and catenaries for different sea states, of which the optimized TLP and slack 

catenaries design showed low nacelle acceleration in a particular sea state. Cermelli and Roddier (2009) studied the 

hydrodynamic behavior of a three legged floating structure with taut mooring in 150 m water depth, supporting 5 MW wind 
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turbine. A numerical model was verified with data from the experiments conducted on a scale model. A numerical tool to 

calculate the motion response in frequency domain and structural loads on multi- purpose floating systems was developed 

by Mazarakos et al. 2014a, 2015. From the literature review, it is understood that most of the work carried out in the areas 

of hydrodynamic response, and also in the interaction of floater with wind turbine responses (Mazarakos and Mavrakos 

2016, 2017) 

Therefore, the objective of the present study is to investigate the wave run up of the floating supporting structure due 

to the influence of operation of wind turbine by experimental investigation (Charalambous, 2018). 

EXPERIMENTAL CAMPAIGNE 

The experiments were conducted using a scale model (1:100) of a floating structure with a 5MW WT in the laboratory 

wave basin, at the Department of Naval Architecture, University of West Attica/Athens, Greece. The wave basin measures 

11 m x 1.2 m in size and the water depth used for the experiment is 0.6 m. The wave basin is equipped with a wave maker. 

The wave maker is capable of generating harmonic waves. The wave basin is fitted with wave absorber on the other side to 

reduce reflection. 

Water depth of 0.6 m is maintained constantly throughout the experimental investigation. The scale model of the 

moored structure with wind turbine is placed at a distance of 4.1 m from the wave maker. The detail of experimental setup 

is shown in Fig. 1. The wave run up of the system is studied. The schematic representation of the experimental setup for 

the mooring configuration is shown in Fig. 2. 

 

 

 

Figure 1 Plan view of the model in the wave basin. 
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Figure 2 Mooring lines of the system. 

CONSTRUCTION OF THE MODEL OF THE SUPPORTING FLOATING STRUCTURE  

The floating platforms are found to be more economical in deep waters. A faster and steadier wind gives more 

electricity generated per turbine. The offshore wind turbine has large mass in nacelle and rotor, which is nearly 90-100m 

above mean sea level. The placement of nacelle and the turbine blades at the top of the mast with an eccentricity (out of 

centerline of mast) makes the floating system to tilt even without the external forces from wave or wind. The total 

acceptable wind heel angle is taken as 10 degrees as per Butterfield et al. (2007). The details of the floating supporting 

structure in scale model are given in Table 1. 

 
 

 
 

Figure 3 Fabricated scale model (a) structure (b) Wind turbine layout. 
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Figure 4 (a) Model layout with experimental tank (b) mooring system. 

 

 

Table 1. Details of scale model of the floating structure with a 5 MW WT 

 Description Model  

 Scale 1:100  
 Draft (m) 0.22  
 Free Board (m) 0.10  
 Water Depth (m) 0.60  
 Total Tower Height (m) 1.00  
 Mooring Line Length (m) 0.38  
 Weigth (kg) 4.30  
 Displacement (cm3) 6112  
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MODEL FABRICATION 

The model is fabricated using a PVC tube with the model scale of 1:100. The wind turbine tower and the blades were 

fabricated using also PVC as shown in Fig. 3. The outer cylinders were made of PVC of outer diameter of 100 mm and 

thickness of 2 mm. The total length of the structure is 320 mm of which 220 mm is the draft and 100 mm is the freeboard. 

The bottom of the outer cylinders is closed with a circular plastic plate of 3 mm thick, diameter of 100 mm with threaded 

connection. The topside of the cylinder is provided with the plastic plate of 100 mm diameter and 3 mm thick to 

accommodate the wind turbine tower base. The height of the turbine tower is 900 mm with 63 mm diameter at the top and 

63 mm diameter at the base. The thickness of tower is 2 mm. The turbine blades were also fabricated in PVC, in which the 

profiles of the blades are as per the National Renewable Energy Laboratory (NREL) 5 MW wind turbine. In order to get 

the exact profile of the blade, the geometry of the blade is modeled in Rhinoceros®. The model is moored to the floor 

using a TLP mooring system of strand type twisted wire rope of 3 mm diameter. One end of each mooring line was 

connected to the points (mid distance between center of gravity and center of buoyancy) on the supporting structure model 

and the other end to a rigid steel block at the bottom of the basin.  

INSTRUMENTATION  

In the experimental campaign, the wave elevation was measured using a set of instruments, the details of which are 

discussed in this section. The wave surface elevation was measured using resistance type wave probes. The wave gauge 

comprises of two thin parallel stainless steel electrodes (Fig. 5). When immersed in water, the electrodes measure the 

conductivity depending on the instantaneous water volume between them. The conductivity changes resistance which is 

proportional to the variation in the water surface elevation. The instrument was mounted in front of the first cylinder of the 

array. 

 

Figure 5 Wave probe for the measurements of the wave elevation. 
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MEASUREMENT OF RESPONSES  

The experimental investigation involves the study of wave run up of the scale model under linear waves. The time 

series of the wave surface elevation from wave probe is recorded simultaneously for duration of 60 sec with the sampling 

rate of 50 Hz, through a data acquisition system into a computer. The measured time histories of wave elevation are shown 

in Fig. 6 for 26 Hz. The test runs were repeated two times for all the wave periods and wave heights to ensure the 

repeatability of the experiments (Fig. 7). The minimum, maximum, mean and standard deviation variance were determined 

from the significant response values. Table 2 shows the sample significant response values and the variance for a wave peak 

period.  

 

 

 

Figure 6 Measured time histories of wave surface elevation. 

 

 

Figure 7 Wave elevation in frond of the floating structure. 
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 Table 2.   Statistical analysis of measured significant response values 

Period T [sec] min max mean std 

1.5610 -0.29234 0.267019 0.00 0.192088 
1.3910 -0.77645 0.251969 0.00 0.363279 
1.3060 0.47696 0.861381 0.01 0.131719 
1.2080 -1.98671 -0.17319 -0.01 0.604489 
1.1030 -1.24299 -0.06533 -0.01 0.405085 
1.0320 -1.77852 1.08223 0.00 0.983586 
0.9697 -0.45769 0.579504 0.00 0.359793 
0.9143 -1.26083 1.24016 0.00 0.868691 
0.8649 -2.01015 1.07065 0.00 1.037346 
0.8205 -1.58267 0.356953 -0.01 0.695835 
0.7805 -0.65551 0.738653 0.00 0.466151 

CONCLUSION 

The wave run up obtained from experiments are presented for the scale model.  The following conclusions were 

drawn based: 

 

The comparison of measured wave elevation for the TLP straucture with win turbine in stationary and rotating 

condition gives the same wave elevation. 

Also the motion of the response of the structure only due to the rotation of the blades was recorded. It is observed 

that the influence of the turbine rotation on the motion response is very less. 

To summarize, the present study analyzes the physical results of the experimental campaign, to produce the response 

of the TLP wind turbine to wind and waves with a certain level of confidence. 
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ABSTRACT 
Economic crisis has seriously affected the economy of Greece thus influencing commuters’ travel behaviour for both urban and suburban trips 

and the transportation system in terms of sustainability. Teleworking is a modern type of working relationship, 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 in order to reduce relative trips. The survey took place in the 
city of Thessaloniki, the second largest city of Greece, and in the city of Karditsa, a typical mid-sized city of central Greece. The research was based 
on a questionnaire survey conducted during the year 2016 on a random sample of 419 individuals (219 in Thessaloniki and 200 in Karditsa) of 
different age, profession and personal income 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 (2016) 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 municipality officials to encourage teleworking and promote sustainable transportation in order to increase the sustainability level of their 
cities, business productivity and work efficiency, decrease transport cost and energy consumption, and finally improve the quality of life in urban 
areas.  

INTRODUCTION  

The world economy is changing very fast, so it is necessary to watch and adopt every change by using the appropriate 
technologic tools and well trained human resources, in order to find the best financial opportunities and business proposals. 
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 that suddenly occur. Global production and trade 
has gradually moved towards the developing economic countries putting pressure in European countries.      

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%, 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 
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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, citizens are willing to reduce the transport cost for both utilitarian and 
recreational trips mainly in urban areas. Citizens prefer to use sustainable transport modes (walking, bicycling, car sharing, 
and public transportation) or cancel the trip to their normal working space prefering to telework from their home in order 
to balance their available budget. Due to this fact, a new status in travel demand has achieved, and the necessity to invest in 
large scale transport infrastructure projects has been reduced with expected environmental benefits (Profillidis et al., 2014; 
Botzoris et al., 2015). Furthermore, examining the period before and after the economic crisis of the year 2008 for the EU-
28 member countries, it is noticeable a differentiation of the relation between economic growth and transport-related 
energy consumption, as after the economic crisis the vast majority of the countries have passed the threshold of coupling 
and are subjected to a form of decoupling (Profillidis et al., 2018). The economic crisis should not be an excuse but an 
opportunity for public authorities and stakeholders in order to promote sustainable transportation in urban areas and 
improve citizens’ quality of life (Galanis and Botzoris, 2014).  

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 Thessaloniki, the second largest 
city of Greece, and in the city of Karditsa, a typical mid-sized city of central Greece. The research was based on a 
questionnaire survey conducted during the year 2016 on a random sample of 419 individuals (219 in Thessaloniki and 200 
in Karditsa) of different age, profession and personal income through personal interviews. Thessaloniki is the second largest 
city of Greece and one of the most important cities in the Balkan region because of its location and its importance in 
shipping, finance, commerce, media, entertainment, arts, international trade, culture, education and tourism. Karditsa is a 
mid-sized Greek city in Thessaly, central Greece. It is the capital of the Karditsa regional unit of the region of East 
Macedonia and Thrace.  

SUSTAINABLE TRANSPORTATION 

Walking is a sustainable transport mode available to every citizen at no cost. It is the fundamental transport mode and 
the way that every route starts and ends (Krambeck and Shah, 2008). The safer and more convenient is the built 
environment for pedestrians more citizens will prefer walking mainly for short distance urban trips. The 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. An extensive literature has developed worldwide on the relationship between the 
built environment and travel behavior. Pedestrian travel behavior differs among various urban road types. Within the neo-
traditional neighborhood, walk trips drop off quickly with increasing distance to destinations, while drive trips increase 
(Shay et al., 2006). The pedestrian infrastructure maintenance problems and accessibility issues incite pedestrians to walk in 
the street and not in the sidewalk or cross the street outside designated crosswalks thus reducing their road safety level 
(Galanis et al., 2017). Pedestrians’ safety is not defined only by road safety issues but also correlates with the sense of 
protection from external factors (Winters et al., 2017). Walkability has been defined as “the extent to which the built 
environment is walking friendly” (NZ Transport Agency, 2009). The walkability index has been used from many scientific 
fields, enhancing the need to increase walkability as an important step towards more healthy, liveable and interactive cities 
(Aghaabbasi et al., 2016; Burden, 1999). The relationship between walking and urban built environment features can be 
examined using specific audit tools and surveys (Galanis and Eliou, 2012; Gkavra et al., 2018).  

Bicycle is a sustainable transport mode but bicyclists are considered to be vulnerable road users due to the expected 
higher risk for their road safety. More citizens are willing to bike mainly for short and medium distance urban trips if the 
bicycling built environment is safer and more convenient. The bicycling built environment differs among cities in the same 
country and/or even districts of an urban area. 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 
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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). 
Municipality officials and stakeholders can improve the bikeability level of their city in order to promote bicycling and 
sustainable transportation. In the city of Athens, the Strategic Plan for Sustainable Urban Mobility (SUMP) supports the 
increase of individual cycling use and bike sharing services (Bakogiannis et al., 2018). 

Worldwide, the level of mobility has increased in the last decades raising concerns about increased car use and its 
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 

Teleworkers as a wider definition are the ones 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; Gajendran and Harrison, 2007; Botzoris 
et al., 2016). 

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 
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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. 

Except 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 
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 
worldwide have recognized its gains as an advantage to promote 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 419 participants (219 for Thessaloniki, 
200 for Karditsa) of different age, education level, profession and personal income through personal interviews in the year 
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 easily especially in questions regarding to their 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÷8), the participants answered about their demographic data, personal income, and 
possession of bicycle and/or private vehicle. In the second part (questions 9÷13), the participants revealed their opinion 
about their willingness to reduce private vehicles use, and change of transport mode for a more sustainable one, comparing 
the years 2008 (before the economic crisis) and 2016 (economic crisis in progress). In the third part (questions 14÷17), the 
participants stated the percentage of teleworking time, 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 space. Statistical analysis 
of the present surveys’ results was conducted with the use of SPSS software.  

Results 

The results of the questions 1÷4 are presented in Table 1. The participants answered about their age (question 1), 
gender (question 2), profession (question 3) and level of education (question 4), for each city. Citizens of all age groups, 
education level and profession participated in this survey. The results of the questions 5 and 6 are presented in Table 2, 
where the participants revealed their personal annual income level (before taxes) for the year 2008 (before the economic 
crisis) and the year 2016 (crisis in progress). We categorized their income level in six groups: 0€, <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 
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during these years of economic crisis.  
The results of the questions 7 and 8 are presented in Table 3. The participants answered about the possession of 

private car or bicycle comparing the years 2008 and 2016. We noticed that there was a small reduction in the number of 
private vehicles per family (from 1÷2 to 0÷1) in the city of Thessaloniki, but no significant change was presented in the city 
of Karditsa. Furthermore, a small increase of bicycle possession index was noticed for both the examined cities.  

Table 1.   Questions 1÷4 
Question 1: Age (year 2008) Question 3: Profession Question 4: Education 

City T K City T K City T K 
<18 0.0% 13.0% Public servant 12.8% 24.0% Primary school 4.6% 1.0% 

18-25 3.7% 11.0% Private employee 37.4% 17.0% Secondary school 5.5% 11.0% 
26-35 37.0% 16.0% Self-occupant 17.4% 21.0% Highschool 21.5% 32.0% 
36-45 23.3% 27.0% University student 3.7% 5.0% Vocational education 14.6% 12.0% 
46-55 27.9% 18.0% Scholar 0.9% 12.0% TEI 20.5% 15.0% 
>55 8.2% 15.0% Unemployed 19.6% 9.0% University 33.3% 29.0% 

Sample 219 200 Retired 8.2% 4.0% Question 2: Gender 
City: T=Thessaloniki, 
K=Karditsa 

Farmer 0.0% 6.0% Male 45.2% 43.0% 
Household 0.0% 2.0% Female 54.8% 57.0% 

 
Table 2.   Questions 5÷6 

Question 5: Personal income before the economic crisis (before taxes), (year 2008) 
0 € <5,000€ 5,001€-10,000€ 10,001€-15,000€ 15,001€-20,000€ >20,000€ City 

14.2% 11.4% 27.9% 21.5% 14.2% 11.0% Thessaloniki 
28.0% 3.0% 12.0% 21.0% 20.0% 16.0% Karditsa 

Question 6: Personal income during the economic crisis (before taxes), (year 2016) 
0 € <5,000€ 5,001€-10,000€ 10,001€-15,000€ 15,001€-20,000€ >20,000€ City 

19.6% 20.1% 29.7% 16.4% 10.0% 4.1% Thessaloniki 
27.0% 7.0% 21.0% 31.0% 10.0% 4.0% Karditsa 

 
Table 3.   Questions 7÷8 

Question 7: Possession of private car and bicycle 
before the economic crisis (year 2008) 

Question 8: Possession of private car and bicycle 
during the economic crisis (year 2016)   

Private cars per family Possession of bicycle Private cars per family Possession of bicycle   
0÷1 ≥2 Yes No 0÷1 ≥2 Yes No City 

49.3% 50.7% 30.1% 69.9% 54.4% 45.6% 33.8% 66.2% Thessaloniki 
32.0% 68.0% 76.5% 23.5% 32.5% 67.5% 80.5% 19.5% Karditsa 

 
The results of the questions 9 and 10 are presented in Table 4. The participants revealed the reduction rate of urban 

trips with their private car during the years of economic crisis for both utilitarian and recreational trips. Furthermore, they 
revealed their willingness to further reduce urban trips with private cars for both utilitarian and recreational trips. From 
their answers we recognized that there is willingness for further reduction of private car use in urban trips for both cities. 
Stronger willingness was noticed for recreational trips than utilitarian ones but the general response was over 50% positive 
for each case.  

The results of the questions 10 and 11 are presented in Table 5. The participants revealed their willingness to use 
other transport modes (walk, bicycle, public transportation) in order to reduce urban trips with private vehicles for both 
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utilitarian and recreational trips for two distance levels: <2km and 2>km. All transport modes were preferred from the 
citizens but public transportation was the dominant one mainly for urban trips with distance >2km. Walking and bicycling 
were preferred from the citizens mainly for urban trips with distance <2km. The existence of proper designed and well 
maintained pedestrian and bicycle infrastructure and public transport network is very important in order to allow citizens to 
use the transport mode of their choice.  

Table 4.   Questions 9÷10 

Question 9: Reduction of urban trips with 
private car during the years of economic crisis 

Question 10: Willingness for further reduction of 
urban trips with private car   

Utilitarian trips Recreational trips Utilitarian trips Recreational trips   
Yes No Yes No Yes No Yes No City 

58.9% 41.1% 71.7% 28.3% 54.3% 45.7% 61.2% 38.8% Thessaloniki 
53.5% 46.5% 66.5% 33.5% 57.5% 42.5% 58.5% 41.5% Karditsa 

 
Table 5.   Questions 10÷11 

Question 11: Transport mode to reduce urban trips with private car during the years of economic crisis 

Utilitarian trips, distance <2km Recreational trips, distance <2km   
Walk Bicycle Public transport Walk Bicycle Public transport City 
43.9% 22.8% 33.3% 43.5% 22.2% 34.3% Thessaloniki 
45.8% 49.2% 5.0% 46.7% 47.5% 5.8% Karditsa 

Utilitarian trips, distance >2km Recreational trips, distance >2km   
Walk Bicycle Public transport Walk Bicycle Public transport City 
18.6% 22.3% 59.1% 21.2% 20.5% 58.3% Thessaloniki 
14.2% 60.0% 25.8% 12.5% 69.2% 18.3% Karditsa 

 
In Table 6 are presented the answers of the question 12, about the reasons citizens did not walk or bike in urban trips 

before the beginning of economic crisis (year 2008). More than one answer was accepted in this question. Travel time, 
convenience and weather conditions were the main reasons to deter citizens from walking or bicycling for both cities.  

In Table 7 are presented the answers of the question 13, about the reasons citizens preferred to walk or bike during 
the examined years of economic crisis (2008÷2016). More than one answer was accepted in this question. Improvement of 
transport infrastructure, reduction of personal income, health and other reasons were the most influential for citizes of both 
cities. It is very interesting to mention that participants underestimated the road and personal safety reasons to influence 
their choise. Furthermore, it is very important to mention that citizens acknowledged the positive impact of walking and 
bicycling in public health. 

Table 6.   Question 12 
Question 12: Factors affecting citizens not walk or bike for urban trips before the beginning of economic crisis  

(year 2008) (>1 answer) 
Walk   

Travel time Convenience Road safety Personal 
safety Public image Weather 

conditions City 

68.2% 30.9% 4.2% 1.5% 2.7% 38.5% Thessaloniki 
73.5% 28.2% 6.8% 6.0% 4.3% 47.0% Karditsa 

Bicycle   

Travel time Convenience Road safety Personal 
safety Public image Weather 

conditions City 

33.7% 24.4% 7.5% 4.5% 10.6% 41.3% Thessaloniki 
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28.2% 47.8% 17.9% 13.7% 9.4% 64.1% Karditsa 
 
 

Table 7.   Questions 13 
Question 13: Factors affecting citizens to walk or bike for urban trips during the years of economic crisis (>1 answer) 

Walk   
Improvement of 

transport 
infrastructure 

Improvement of 
road safety 

Improvement of 
personal safety 

Reduction of 
personal income 

Health and other 
reasons City 

33.1% 4.3% 2.4% 51.4% 29.7% Thessaloniki 
45.3% 6.8% 11.2% 42.7% 23.1% Karditsa 

Bicycle   
Improvement of 

transport 
infrastructure 

Improvement of 
road safety 

Improvement of 
personal safety 

Reduction of 
personal income 

Health and other 
reasons City 

56.3% 2.9% 2.2% 47.8% 30.2% Thessaloniki 
76.9% 11.9% 5.2% 29.9% 17.9% Karditsa 

 
In Table 8 are presented the answers of the questions 14÷17, regarding issues of teleworking. Citizens are willing to 

increase teleworking (mainly in the city of Karditsa) and the most influential reasons for that are the reduction of transport 
cost and travel time, and the convenience they feel when they telework. Most citizens agree (mainly in the city of 
Thessaloniki) that teleworking is not that productive comparing to physical presence in the working site.   

Table 8.   Questions 14÷17 
Question 14: Teleworking from the residence 

Almost never Rarely Sometimes Often Almost always City 
69.1% 16.8% 8.7% 4.1% 1.3% Thessaloniki 
51.4% 22.1% 13.3% 7.3% 5.9% Karditsa 

  Yes No City 
Question 15: Willingness to increase teleworking from 

the residence 
18.3% 81.7% Thessaloniki 
45.6% 54.4% Karditsa 

Question 16: Is teleworking as productive comparing to 
physical presence in working site? 

31.0% 69.0% Thessaloniki 
47.1% 52.9% Karditsa 

Question 17: Factors that increase willingness to telework from the residence (>1 answer) 
Reduce 

transport cost 
Avoid travel 

time Convenience Accessibility Personal/family/other 
reasons City 

29.3% 27.5% 35.1% 5.4% 22.8% Thessaloniki 
26.5% 22.1% 42.6% 5.8% 12.1% Karditsa 

CONCLUSION 

The main conclusions of the survey are the following ones: 
• Citizens’ personal income was severely reduced during the years of economic crisis for both the examined cities. 

About 37% of the participants stated that their personal annual income was less than 5,000€ in the year 2016 
(Thessaloniki: 39.7%, Karditsa: 34%) comparing to about 28% in the year 2008 (Thessaloniki: 25.6%, Karditsa: 
31%). It is obvious that more people live in economic conditions far lower, comparing to the period before the 
economic crisis, thus affecting their working status and travel behavior.  

• Possession of private car has lightly changed during the years of economic crisis. Before the beginning of the crisis 
(year 2008), the possession index of ≥2 private cars per family was 50.7% in Thessaloniki and 68% in Karditsa. In 
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the year 2016, this index has dropped to 45.6% in Thessaloniki and 67.5% in Karditsa respectively. 
• Possession of bicycle has also lightly changed during the years of economic crisis. Before the beginning of the 

crisis (year 2008), the bicycle possession index was 30.1% in Thessaloniki and 76.5% in Karditsa. In the year 2016, 
this index has increased to 33.8% in Thessaloniki and 80.5% in Karditsa respectevily.   

• There is an obvious reduction of private car use for both utilitarian and recreational urban trips during the 
examined years. In the city of Thessaloniki the reduction index was 58.9% for utilitarian trips and 71.7% for 
recreational trips. The same index in the city of Karditsa was 53.5% for utilitarian trips and 66.5% for recreational 
trips respectively.  

• The participants were also willing to further reduce private car use. In the city of Thessaloniki the index was 54.3% 
for utilitarian trips and 61.2% for recreational trips. The same index in the city of Karditsa was 57.5% for utilitarian 
trips and 58.5% for recreational trips respectively.  

• The main factors that influenced citizens to walk during the examined years were the reduction of personal income 
(Thessaloniki: 51.4% and Karditsa: 42.7%) and the improvement of transport infrastructure (33.1% in Thessaloniki 
and Karditsa: 45.3%).  

• The main factors that influenced citizens to bike during the examined years were also the reduction of personal 
income (Thessaloniki: 47.8% and Karditsa: 29.9%) and the improvement of transport infrastructure (Thessaloniki: 
56.3% and Karditsa: 76.9%).  

• Participants were more willing to increase teleworking comparing to physical presence in workins site in the city of 
Karditsa (45.6%) than in the city of Thessaloniki (18.3%).  

• The main factors that increased the willingness of participants to telework from the residence were the following: 
reduction of transport cost (Thessaloniki: 29.3% and Karditsa: 26.5%), avoidance of travel time (Thessaloniki: 
27.5% and Karditsa: 22.1%) and convenience (Thessaloniki: 35.1% and Karditsa: 42.6%). 

This survey can assist state officials and stakeholders to promote sustainable transportation and teleworking with 
expected positive economic, societal and environmental benefits for their cities.  
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