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Preface  

 
Founded on 1990, the Laboratory of Heat Transfer and Environmental Engineering belongs to the 

Mechanical Engineering Department’s Energy Section, Aristotle University Thessaloniki, 

Greece. At present, the Laboratory is responsible for eight pre-graduate courses in the Mechanical 

Engineering Department, while also supervising several doctoral candidates in the frame of their 

graduate studies. Furthermore, it has a long record of research and consulting activities, both at 

national and international level: In the period 1990-2015 about two hundred research projects 

were conducted, with a total budget of approx. 13 million Euros. Our research funds originate 

primarily from competitive programmes of the European Commission, to a lesser extent also from 

industry and other funding agencies. In addition we provided consulting services in the frame of 

almost one hundred study contracts. Apart from eight permanent staff members, the Laboratory 

employs about fifteen co-workers, mostly engineers, on a contract basis. 

 

Research activities of the Laboratory span over a wide range of areas, from air pollution at the 

urban and local scales to climate change, from studies of the built environment to the analysis of 

combustion and emissions, and from solid waste management to sustainable production and 

environmental management (see schematic on the front cover). Expertise gained in all these fields 

has proved invaluable for our increasing involvement in studies related to health impact 

assessment as well as sustainable agriculture and sustainable tourism. 

 

The present book contains 22 scientific articles resulting from the research activities of our 

Laboratory. Most of these articles are associated with research projects and services provided. 

The close contacts between our staff and various scientific groups in Greece and abroad are 

reflected by the fact that several articles were co-authored by distinguished colleagues from other 

institutions, whom I would like to thank most sincerely for the fruitful collaboration. 

 

This sixth volume in the series "Research in the Fields of Energy and the Environment" is issued 

in the seventh year of an intense recession, with the Greek GDP having declined by as much as 

30% and austerity measures not offering remedies to the situation, while the overall economic 

crisis penetrates the entire fabric of the Greek production system. The country's human resources 

suffer from a serious “brain drain” phenomenon, undoubtedly a drastic negative factor for any 

efforts to overcome the present financial crisis: More than 200,000 Greeks, most of them younger 

than 35 years old, have recently left Greece and are currently employed abroad. This phenomenon 

has to be reversed, as human capital is the most important resource for generating new knowledge 

and for establishing new enterprises. 

 

Given our long record in international collaborative research over more than 25 years, I am 

confident that our Laboratory will play a leading role in the above respect, thus contributing to 

scientific advancement and innovation. My optimism in this respect is based on the skills of my 

colleagues and co-workers in our Laboratory who proved capable of conducting research at 

highest international standards. I would like to thank them most sincerely for their devotion to the 

Laboratory and their enthusiastic participation at our scientific activities. In addition, I would like 

to express my gratitude to Dr. Theodora Slini for her assistance in editorial aspects associated 

with the preparation of the present volume. 

 

Nicolas Moussiopoulos                                                 Thessaloniki, April 2017 
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A novel scheme for describing multiscale interactions on 

atmospheric flow and pollutant dispersion in the urban 

atmospheric boundary layer 

N. Moussiopoulos, G. Tsegas, F. Barmpas, V. Akylas and I. Douros 

 

ABSTRACT 

Interactions between different spatial and temporal scales play a major role in determining the 

flow structure over the urban canopy in densely built agglomerations. Aiming to address the 

limitations which arise as a result of the physical disparities between the different modelling 

scales, a two-way scheme has been introduced for coupling the mesoscale model MEMO and 

the microscale model MIMO, utilising a collection of interpolating metamodels. The coupled 

system was used to simulate meteorological fields over the Greater Paris Area during a multi-

day wintertime case study. Its performance as a meteorological driver model was further 

evaluated by introducing the calculated meteorological fields as driving input in air quality 

calculations, performed using the Eulerian chemical dispersion model MARS-aero. 

 

 

Ένα καινοτόμο υπολογιστικό σχήμα για την προσομοίωση 

φαινομένων πολλαπλών κλιμάκων σε ατμοσφαιρικές ροές και τη 

διασπορά ρύπων στο αστικό ατμοσφαιρικό οριακό στρώμα 

Ν. Μουσιόπουλος, Γ. Τσέγας, Φ. Μπάρμπας, Β. Ακύλας και Ι. Ντούρος  

 

ΠΕΡΙΛΗΨΗ 

Οι αλληλεπιδράσεις μεταξύ φαινομένων που εκδηλώνονται σε διαφορετικές χωρικές κλίμακες 

καθορίζουν σε μεγάλο βαθμό τη δομή των ατμοσφαιρικών πεδίων ροής στο αστικό οριακό 

στρώμα. Με στόχο την υπέρβαση των μεθοδολογικών και φυσικών περιορισμών που 

δυσχεραίνουν τις προσομοιώσεις πολλαπλών κλιμάκων, αναπτύχθηκε ένα υπολογιστικό σχήμα 

αμφίδρομης σύζευξης μεταξύ του μοντέλου μεσοκλίμακας ΜΕΜΟ και του μοντέλου 

μικροκλίμακας ΜΙΜΟ, με χρήση μεταμοντέλων. Το συζευγμένο σύστημα εφαρμόστηκε για 

τον υπολογισμό πεδίων ροής  κατά τη διάρκεια μιας χειμερινής περιόδου για την Ευρύτερη 

Περιοχή του Παρισιού. Η απόδοση του συστήματος αποτιμήθηκε επίσης μέσω της περαιτέρω 

εφαρμογής του σε υπολογισμούς ποιότητας αέρα για την ίδια περιοχή, σε συνδυασμό με το 

Οϋλεριανό μοντέλο διασποράς και χημικού μετασχηματισμού MARS-aero.  

 

 



N. Moussiopoulos, G. Tsegas, F. Barmpas, V. Akylas and I. Douros 

 

2 

1 Introduction 
 

Simulating the flow field in and above the urban canopy involves an account of the interplay 

between obstacle effects, surface forcings and scale interactions that in most cases are 

impossible to resolve by a single physical model. The intense surface in-homogeneities of urban 

areas result in the generation of extra terms of turbulence which directly affect atmospheric 

transport within the urban canopy. Nevertheless, a detailed description of the effect of urban 

structures on the Urban Atmospheric Boundary Layer (UABL) has the potential to significantly 

improve the accuracy of the predicted flow and dispersion fields on both the local scale and the 

mesoscale. The main reason for that is that by including the microscale effects of the urban 

structures at the lower levels of the UABL in terms of local forcing, better predictions can be 

made for the evolution of atmospheric turbulence distribution over the urban canopy.  

 

Modelling efforts to resolve obstacle-induced influences on the mesoscale structure of the urban 

atmospheric boundary layer have been reviewed by [1]. Aiming to address the limitations which 

arise as a result of the physical disparities between the different modelling scales affecting the 

urban canopy, a two-way scheme has been introduced for coupling the mesoscale model 

MEMO [2] and the microscale model MIMO [3], utilising a collection of interpolating 

metamodels. The coupled system was evaluated in simulations of meteorological fields and the 

dispersion of air pollutants over the Greater Paris Area during a multi-day wintertime case 

study.  

 

2 Methodology  

 

A set of interpolating metamodels is used to implement coupling between the mesoscale model 

MEMO and the microscale model MIMO. The metamodel is introduced as an interpolation 

scheme for calculating the overall flow disturbance induced by the urban canopy, described as 

perturbations on the vertical profiles of wind and turbulent kinetic energy. The metamodels are 

realised as multi-dimensional interpolators [4] based on a radial basis function (RBF) neural 

network formulation [5]. The metamodel can be viewed as an interpolation scheme that given 

a state of “input” condition vector x=(uin1,2, αin1,2, Εin1,2) provides the “output” state vector 

y=(uout1,2, αout1,2, Εout1,2) consisting of the wind velocity (u), wind direction (a) and turbulent 

kinetic energy (TKE) vertical profiles, averaged over the two inflow and outflow lateral 

boundaries of a given microscale computational domain.  

 

For each metamodel, a calibration set of input and output states (xk, yk), k=1..Ncal has to be 

determined by explicitly simulating Ncal microscale flow states for a set of different urban 

settings. In the coupled operation of the model, each calibrated metamodel receives input from 

the inflow boundaries of the corresponding mesoscale cell and in turn produces the extra forcing 

terms, approximating the effect of local urban structures on the mesoscale grid. These forcing 

terms are numerically introduced in the discretised fields by means of Newtonian relaxation. A 

dimensionless coupling coefficient g adjusts the relative strength of the Newtonian forcing over 

the conservative terms of the dynamical equations. Details of the methodology can be found in 

[4]. 

 

For the needs of the present study, the calibration set was obtained by performing 48 Unsteady 

Reynolds Averaged Navier Stokes (URANS) microscale simulations for three characteristic 

sectors of an approximate size of 33 km2 in the centre of Paris, each simulation corresponding 

to a period of 6 hours. The mesoscale calculations were performed using a nested configuration 

with a 300300 km2 coarse grid at a resolution of 5 km and a 5050 km2 fine grid at a resolution 
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of 500 m, covering the central areas of Paris. Validation calculations were performed under 

three different configurations: (a) stand-alone MEMO; (b) MEMO coupled with MIMO using 

a coupling coefficient of g=10-2; and (c) the same coupled configuration with g=10-3. 

 

3 Results 
 

3.1 Application domains and input data 
 

The coupled MEMO-MIMO system was used to simulate meteorological fields over the Paris 

greater area during a 12-day wintertime case from 12 to 23 January 2010. For the baseline 

mesoscale calculation, MEMO was used in order to provide an approximation of the wind flow 

during the simulation period as well as to determine the necessary boundary conditions for the 

microscale simulations of the calibration stage. Two concentric computational grids were 

defined in a nested configuration: a coarse grid with an extent of 300  300 km2 and resolution 

of 5 km and a fine grid extending to 50  50 km2 with a resolution of 500 m, covering the central 

areas of Paris (Figure 1). Initial and lateral boundary conditions for the outer grid were obtained 

from meteorological sounding data.  

 

In the frame of the MEGAPOLI (2011) project, Paris was assigned as the target mega-city. An 

urban structure database for Paris was created on the basis of optical images, digital maps and 

Synthetic Aperture Radar (SAR) interferometry for the downtown area of Paris centred over 

the Place d’ Italie, Southeast of the city hub. A set of high-resolution digital elevation maps 

(DEMs) covering an extended central area in Paris (shown as a highlighted rectangular area in 

Figure 1c) was developed in the framework of the project [6]. 

 

3.2 Microscale calculations 
 

Despite the substantial improvements in the availability of computational resources over the 

last decade, the application of any traditional Computational Fluid Dynamics (CFD) model in 

extended areas of cities is still characterized by high computational cost. In addition, based on 

previous studies [4, 7] in order to account for the microscale effects on the UABL, depending 

on the size and the degree of the surface in-homogeneities of the city under investigation, it is 

normally enough to consider a finite number of characteristic city sectors. 

       

For the needs of the present study, three such sectors in the city center of Paris were considered, 

each one with an approximate size of 3 km  3 km, whose borders are shown by the filled 

polygons in Figure 1 (bottom). The sectors were named Middle, North and East sector 

depending on their relative position in the fine domain of MEMO.  It should be mentioned at 

this point that urban background measurements which were used in order to validate the 

numerical results were collected from meteorological stations located at the geographic center 

of each one of the selected sectors. 

 

The three sectors selected for the study are incorporating large open spaces in the vicinity of 

tall structures. A characteristic landmark of the city center of Paris which was included in the 

Middle sector is the well-known Place d’ Italie. This sector contains a total of 278 buildings in 

several blocks, with a maximum building height of 50 meters. The computational domain which 

corresponds to this sectors was 3722 m × 3643 m in size, with a minimum cell size of 3.5 m 

and an approximate expansion factor of  the grid cell of 1.2 (Figure 2).  
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Figure 1: The coarse (top) and fine 

(middle) Paris mesoscale domains and the 

areas of microscale application (bottom). 

 

 

 

 

 
 

Figure 2: Buildings ground plan (top), computa-

tional domain and grid (middle) and the 3D 

perspective view of the Middle sector (bottom). 

 

The other two sectors, namely North and East sector, are including 218 and 184 buildings with 

computational domains of 1080 m × 873 m and 2670 m × 2684 m and a discrete cell size is of 

3.5 m and 3.0 m respectively. A meteorological station is located at the North sector just outside 

of sectors bounds. The specific area is dominated by the Jardin du Luxermbourg, a large open 

space at the North. Finally, the latter sector is on the east border of the database. The particular 

area includes part of the railway system (tracks and station) and the wind field is affected 

accordingly. A meteorological station is positioned at the centre of the area. 
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A total of 48 Unsteady Reynolds Averaged Navier Stokes (URANS) simulations were 

perfomed, 16 for each one of the three sectors covering a period of four days, with each 

simulation corresponding to a period of 6 hours. The used input boundary conditions were 

results from simulations performed for the greater Paris area by the mesocale model MEMO. 

 

In Figure 3 the results for the predicted TKE for the North sector for January 27th, 2010 at 

06:00 are presented. The wind at the particular case is approaching from the West. Results 

predict a substantial increase of TKE downstream of the sector, with a corresponding decrease 

within the street. These findings are in accordance with [4]. Another interesting outcome is the 

increase of TKE above the urban canopy. 

 

The effect can also be seen in Figure 4, where the TKE is presented for different heights for the 

case of East sector on January the 28th 2010 at 06:00 am. The decrease in TKE within densely 

built areas has been confirmed by previous computational and experimental studies that 

demonstrated a significant deceleration of the incoming flow and hence decrease of the TKE 

production as it approaches dense arrays of high obstacles [8]. The predicted TKE diurnal 

pattern for the North sector during January 25th is shown in Figure 5. The TKE evolution clearly 

shows an increase during the morning hours with a corresponding decrease during the afternoon 

when the wind speed is reduced. 

 
Figure 3: TKE field calculated for the North sector (k in  m2s-2) 

 

 
Figure 4: TKE fields at various heights above ground 
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Figure 5: Diurnal evolution of the TKE profile for Jan. 25th. 

 

Figure 6: Timeseries of wind speed (left) and surface temperature (right), and wind rose 

(lower) calculated for the LFPB station (Le Bourget Airport) by the uncoupled (left square) 

and coupled g=10-2 models. 
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3.3 Coupled mesoscale-microscale calculations 
 

The performance of the coupled mesoscale-microscale model was evaluated by comparing 

calculated quantities to measurements of meteorological parameters at eighteen locations in and 

around the Paris urban area during the simulation period. Model calculations were performed 

under three different configurations: (a) standard MEMO runs; (b) MEMO coupled with MIMO 

using a coupling coefficient of g=10-2; and (c) the coupled configuration with g=10-3. By 

examining temperature timeseries at individual measurement locations, a systematic 

improvement can be seen for the g=10-2 configuration in the prediction of several diurnal 

nighttime temperature, as well as the correlation throughout the simulation period (Figure 6, 

right). The calculated wind direction shows a consistent agreement for most measuring sites 

with a notable improvement in the coupled configurations (Figure 6, lower). 

 

Figure 7: Index of Agreement (IA) between calculated and observed timeseries of temperature 

(a), wind speed (b) and wind direction (c). Pairs of shaded squares on the maps represent the 

spatial distribution of IA for uncoupled (left square) and coupled g=10-2 (right square) runs. 
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In Figure 7, the Index of Agreement (IA) of the surface temperature and wind fields calculated 

using the standard mesoscale and coupled configurations is shown for the eighteen urban station 

locations. In most cases, introduction of the mesoscale-microscale coupling noticeably 

improves the prediction scores for all three variables, with the g=10-2 configuration showing the 

highest improvement. A spatial representation of the calculated IA is shown for the uncoupled 

and g=10-2 configurations (Figure 7, rightmost row). The temperature IA scores are 

significantly improved in the more dense urban sites, compared with airport sites of the 

suburban boundary area. While wind velocity scores of the coupled model show a clear 

improvement in most locations, the higher velocities predicted during the three-day wind peak 

(Figure 6, left) further increase the positive bias at the Valdois2 and IledeFr12 stations. Finally, 

the IA scores of wind direction follow a more-or-less spatially homogeneous distribution. 

 

3.4 Calculations of pollutant dispersion 
 

The performance of the coupled system was further evaluated by using the calculated 

meteorological fields for driving pollutant dispersion calculations with the Eulerian chemical 

dispersion model MARS-aero. Two sets of dispersion calculations were evaluated on the basis 

of monitoring data, one driven by the stand-alone MEMO meteorological fields and the other 

using fields calculated by the coupled system with g=10-2, respectively. The size and 

configuration of the calculation grid was kept identical to those of the meteorological model 

while the required gridded emission data for Paris were provided by AirParif in the framework 

of the MEGAPOLI project. 

 

A comparison of the calculated concentration time series with monitoring data indicates that 

the coupled model as a meteorological driver results in improved bias at most of the station 

locations, irrespective of the bias sign. The improvement appears more significant for 

photochemically active pollutants like ozone and NO2, less so for PM10 and PM2.5. An improved 

correlation is also observed for SO2 at several stations, indicating the ability of the coupled 

model to better reproduce the development and dispersion of the wintertime city plume under 

variable wind conditions. In Figure 8, four indicative cases of the observed improvements are 

illustrated. 

 

4 Conclusions 
 

A two-way coupling scheme between the mesoscale model MEMO and the microscale model 

MIMO has been applied for assessing the effects of multiscale interactions on the turbulent 

transport in the city of Paris, over a multi-day wintertime period. 

 

The main architectural features of the built environment were explicitly resolved in order to 

account for the potential large scale forcing on the urban atmospheric boundary layer. The 

methodology was validated based on statistical comparisons with monitoring measurements. 

Simulation results reveal an overall improvement in the predictive skill of the coupled model 

system, compared to calculations performed on the mesoscale using the traditional urban 

canopy parameterisations. 
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Abbreviations 

 

CFD Computational Fluid Dynamics 

DEMs Digital Elevation Maps 

IA Index of Agreement 

RBF Radial Basis Function 

SAR Synthetic Aperture Radar 

TKE Turbulent Kinetic Energy 

URANS Unsteady Reynolds     

Averaged Navier Stokes  

UABL Urban Atmospheric 

Boundary Layer
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ABSTRACT 

In order to have a better insight into the complicated and multivariate matter of the contribution 

of local emissions to the urban pollution levels, the use of computational methods is essential. 

The Urban Increment methodology is a computational tool for the assessment of the pollutant 

concentration increment caused by traffic, as well as other local sources, such as space heating, 

industrial activities, etc. The method operates by establishing a functional relationship between 

the concentration increment and the local meteorological situation, the city morphology, the 

urban emissions and background concentrations. The method has been tested with stability 

classes, but is currently being compared with an alternative approach using variables such as 

mixing height and precipitation. 

 

 

Βελτίωση μιας στατιστικής προσέγγισης για την εκτίμηση της 

προσαύξησης συγκεντρώσεων σε αστικές περιοχές 

Ν. Μουσιόπουλος, T.S. Ortiza, Ι. Ντούρος, Ε. Χουρδάκης και R. Friedricha  

a Ινστιτούτο Ενεργειακής Οικονομίας και Ορθολογικής Χρήσης Ενέργειας, Πανεπιστήμιο της 

Στουτγάρδης, Heßbrühlstr. 49a, 70565 Στουτγάρδη, Γερμανία 

 

ΠΕΡΙΛΗΨΗ 

Για την πληρέστερη διερεύνηση του περίπλοκου προβλήματος της συνεισφοράς των τοπικών 

εκπομπών στα επίπεδα ρύπανσης σε αστική κλίμακα, κρίνεται απαραίτητη η χρήση 

υπολογιστικών μεθόδων. Η μεθοδολογία που παρουσιάζεται στο πλαίσιο της εργασίας 

αποτελεί ένα υπολογιστικό εργαλείο για την εκτίμηση της προσαύξησης που προκαλείται στις 

συγκεντρώσεις ρύπων εξαιτίας των τοπικών παραγόντων, όπως η οδική κυκλοφορία. Η 

μεθοδολογία βασίζεται στη δημιουργία μιας στατιστικής σχέσης που να συσχετίζει την αστική 

συγκέντρωση με βασικές μετεωρολογικές παραμέτρους, με τη μορφολογία της εκάστοτε 

πόλης, τις αστικές εκπομπές, καθώς και τις συγκεντρώσεις υποβάθρου. Στο πλαίσιο της 

παρούσας εργασίας, διερευνώνται κάποιες εναλλακτικές προσεγγίσεις, όπως η χρήση του 

ύψους ανάμιξης και της βροχόπτωσης ως πρόσθετων μεταβλητών.   
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1 Introduction 
 

The statistical method presented here aims at the determination of an urban concentration 

increment on top of the regional background. This is especially relevant for the purposes of 

health impact assessment of various pollutants, however in the frame of the present study it will 

be demonstrated for PM10 and NO2 in specific. The methodology attempts to define a functional 

relationship between local meteorological parameters, city morphology and urban emissions on 

the basis of measured increments on sample locations. This functional relationship can then be 

applied on arbitrary locations (urban areas) throughout Europe. Special care should be taken 

during the selection of sampling locations in order to ensure geographical representativeness 

and adequate measurement data availability.  

 

2 Methodology  

 

The overall procedure for determining the urban increment can be described as a sequence of 

three main processing stages, namely the spatial sampling, the multiple regression analysis and 

the phase of the generalisation of the methodology. More specifically, in the stage of the spatial 

sampling a selection of representative rural-urban measurement station pairs takes place in 

representative urban areas, while in the stage of the multiple regression analysis a functional 

relationship between the urban concentrations and the meteorological, morphological and 

emission parameters is calculated (calibration). Finally, in the generalisation stage the 

estimation of urban increments for the areas or years of interest is carried out (validation).  

 

The functional structure of the methodology provides the capability for application in two 

different ways, a multi-area (multi-city) or an interannual. The first approach considers a fixed 

period of time, usually a full calendar year and requires data on a set of urban areas which will 

be used for the estimation of the functional relationship (calibration stage). On the other hand,  

 

Table 1: Stations used for the extraction of the UI for the three cities of the application as 

regards NO2. 

City Urban Background Stations Rural Background Stations 

Lisbon Olivais Chamusca 

London Kensington Harwell 

Rotterdam 
Westmaas-Groeneweg 

Cabauw-Zijdeweg 

Bentinckplein 

Vlaardingen 

 

Table 2: Stations used for the extraction of the UI for the three cities of the application as 

regards PM10. 

City Urban Background Stations Rural Background Stations 

Lisbon Loures Chamusca 

London Kensington Harwell 

Rotterdam Westmaas-Groeneweg 

Bentinckplein 

Vlaardingen 

Schiedamsevest 

 



Refinement and evaluation of a statistical approach for determining concentration increments in urban areas 

 

13 

the interannual application approach looks into a specific urban area and normally requires data 

for a set of calendar years. Similar to the case of the multi-area approach, this set is used for the 

setup of the functional relationship. Obviously, for the purposes of validation, sets of data that 

were not used in the calibration phase are required. 

 

Aiming at the continuous evaluation and improvement of the methodology, enhancements in 

the main computational procedures were established and validated. Mixing height and 

precipitation were introduced in order to examine the possibility of replacing atmospheric 

stability classes as a means to describe the mixing conditions in the lower troposphere and, 

subsequently, its effects in pollutant concentrations. In order to perform a thorough 

investigation of the correlation of the UI with mixing height and precipitation, Lisbon, London 

and Rotterdam were studied. The crucial parameter for the selection of the cities was the 

different characteristics both in terms of their extent, as well as on meteorology and human 

activity. 

 

Figures 1 and 2 demonstrate the correlation between UI and precipitation for Lisbon, London 

and Rotterdam as regards NO2 and PM10, respectively. It is clearly evident that the correlation 

between UI and precipitation is very low for all cities under consideration. This indicates that 

in the frame of the specific investigation precipitation does not represent a meteorological factor 

with significant contribution in the evolution of urban pollutant concentrations at the specific 

timescales. As a result, precipitation is considered as not suitable to be used as a proxy of NO2 

or PM10 concentrations and, thus, be incorporated into the computational procedure of the UI 

methodology. 

 

On the other hand, Figures 3 and 4 show the correlation between UI and mixing height for 

Lisbon, London and Rotterdam as regards NO2 and PM10, respectively. As expected, UI 

presents a fairly good correlation with mixing height for all cities under consideration regarding 

both NO2 and PM10. Thereupon, in order to investigate mixing height, the frequency distribution 

of UI into ten mixing height classes was calculated for each city and, subsequently, average UIs 

were calculated for each class. It should be noted that this was performed both at an hourly and 

daily level. 

 

It is clear that for NO2 there is an inverse correlation between UI and mixing height, since 

increases in the mixing height lead to decreases in the concentration levels. As regards PM10, a 

high negative correlation between UI and mixing height is also evident, with the only exception 

being the hourly concentrations in Lisbon, in which some outliers in the larger mixing height 

classes lead to very high numbers of UI. Based on the above, it can be concluded that mixing 

height constitutes a variable which can be incorporated in the UI calculation process instead of 

the currently used stability class, contrary to the case of precipitation, which has a low 

correlation with UI. 
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3 Results 
 

3.1 Multi-area application 

 

In the framework of this application, data from a set of European cities for the year of 2005 

were used for the extraction of the statistical relationship of the methodology (calibration), 

which was later used for the city of London for the same year (validation). More specifically, 

ten cities were used for the calibration process, namely Athens, Genoa, Gent, Graz, Helsinki, 

Copenhagen, Lisbon, Madrid, Marseille and Prague. 

 

As a first step, ten classes were defined with respect to the mixing height and for each of them 

the methodology for creating the UI calculation relationship was applied. These classes are 

presented in Table 3. Data regarding measured pollutant concentrations were acquired from the 

Airbase data base [URL1], while data regarding meteorological parameters (mixing height, 

wind speed) was provided by the SILAM model [2]. 

 

Table 3: Mixing height classes and their corresponding frequencies for London for the year 

2005. 

Class 1 2 3 4 5 6 7 8 9 10 

Range 

(m) 
0 -210 

210 -

420 

420 -

630 

630 -

840 

840 -

1050 

1050 -

1260 

1260 -

1470 

1470 -

1680 

1680 -

1890 

1890 -

2100 

ΝΟ2 1399 1509 1518 1184 823 520 337 180 87 0 

ΡΜ10 1611 1696 1662 1277 892 528 338 181 81 0 

 

Figure 5 demonstrates the result comparison of the UI methodology for London for each mixing 

height class regarding NO2 and PM10, respectively. In both Figures, the blue bars represent the 

measured rural background concentrations for each pollutant, the red bars show the measured 

urban increment and the green triangles stand for the results of the UI methodology. As 

evidenced from the results presented, the calculated concentrations for NO2 with respect both 

 

 
(a)                                                                   (b) 

Figure 5: Result comparison for the UI methodology for NO2 (a) and PM10 (b) as regards 

London for the application year of 2005 for each mixing height class. 
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results for PM10 do not agree well with the corresponding measurements. The problematic 

nature of these results rendered necessary a more in depth investigation of alternative 

approaches. As a result, two additional applications were carried out which are presented in the 

following sections. 

 

3.2 First interannual application 

 

This application was performed specifically for the city of London as regards a period of nine 

years. Data from a set of years (2000-2004) were utilized for the extraction of the statistical 

relationship for the methodology (calibration), which in turn was applied for another set of 

years (2005-2008) in order to evaluate the calculated results (validation). Ten mixing height 

classes were defined and, subsequently, the methodology for the estimation of the UI 

calculation relationship was applied for each one of them. The measured pollutant 

concentrations were derived from the Airbase data base. The required wind speed data 

originated from observations conducted in the Heathrow airport and data regarding mixing 

height were acquired from the calculations using the WRF model [3]. 

 

Figures 6 and 7 show the comparison between the UI methodology results and measurements 

for the years of the application, as well as for each mixing height class, regarding NO2 and 

PM10, respectively. On the other hand, Figure 8 presents a comparison between the results of 

the first (multi-area) and the second (interannual) application of the UI methodology as regards 

the year 2005 for each mixing height class. As it can be deduced from the results presented in 

these Figures, the simulated concentrations using this approach are in fairly good agreement 

with the observed values both for NO2 and PM10. Besides, it is clearly evident that the 

interannual approach produces more precise results both in terms of the annual average 

concentrations, as well as the concentration distribution with respect to the mixing height 

classification. 

 

 
Figure 6: Comparison between the UI methodology results and measurements regarding NO2 

for the years of the application for each mixing height class. 
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Figure 7: Comparison between the UI methodology results and measurements regarding PM10 

for the years of the application for each mixing height class. 

 

 
Figure 8: Comparison between the results of the first (multi-area) and the second (interannual) 

application of the UI methodology for the year 2005 and each mixing height class as regards 

NO2 (left) and PM10 (right). 

 

3.3 Second interannual application 
 

In order to verify that the use of mixing height instead of the formerly used stability 

classification in the UI calculation process leads to more accurate results, a third application of 

the methodology was carried out. Based on the results presented above, which proved that the 

interannual approach performs better than the multi-area one, this application was performed 

specifically for the city of London for a period of four years, both for the case of mixing height 

and stability class. Data from a set of years (2005-2007) were utilized for the establishment of 

the functional relationship for the methodology (calibration), which was later used for another 

year (2008) to evaluate the calculated results (validation). 

 

Ten mixing height classes were defined and, subsequently, the methodology for the estimation 

of the relationship was applied for each one of them. Besides, seven atmospheric stability 
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classes were identified and the UI methodology was performed for each one of them. Data 

regarding mixing height were acquired from calculations of the WRF model, while the required 

wind speed data, as well as data used for the stability classification, originated from 

observations conducted in the Heathrow airport. As regards the measured pollutant 

concentrations, all of them originated from the Airbase data base.  

 

Figure 9 shows the comparison between the results of the first (stability classification) and the 

second (mixing height) approach of the UI methodology for the year 2008. The results 

presented in Figure 9 depict that the utilization of mixing height instead of stability 

classification complies better with the observed concentration values for both pollutants. 

 

                               
Figure 9: Comparison between the results of the first (stability classification) and the second 

(mixing height) approach of the UI methodology as regards the year 2008 for NO2 and PM10. 

 

4 Conclusions 
 

An urban increment was determined based on a functional relationship scheme, allowing for a 

correction of regional background concentrations inside areas with significant urban density by 

establishing an operational correlation between the observed concentration increment and the 

local meteorological parameters, the city characteristics, the urban emissions and background 

concentrations.  

 

In addition, an alternative version of the methodology was utilized in order to test its 

performance in the case that mixing height or precipitation data are used in the calibration 

process instead of the currently used stability classification. Based on the validation results, it 

can be concluded that mixing height constitutes a variable which can be used in the UI 

calculation process instead of the currently used stability class, while precipitation appears to 

have a low correlation with UI. 
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Abbreviations 

  

MH    Mixing Height 

SC    Stability Class 

SILAM  System for Integrated Modelling of       

UI Urban Increment 

WRF Weather Research and Forecasting 

 Atmospheric Composition 
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ABSTRACT 

The GREEN-AgriChains project seeks to develop expertise and promote research pathways in 

agrifood supply chain management and logistics. Special focus is placed on environmental 

management and the promotion of green standards and operations based on sustainable 

development practices. 

 

Το πρόγραμμα GREEN-AgriChains: Αλληλεπιδράσεις μεταξύ 

ποιότητας αέρα, κλιματικής αλλαγής και γεωργικής παραγωγής 

Ν. Μουσιόπουλος, K. Schäfera, Ε. Ιακώβουb, Ε. Φράγκου, Ε.-Α. Καλογνώμου, Γ. 
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ΠΕΡΙΛΗΨΗ 

Το πρόγραμμα GREEN-AgriChains επιδιώκει την ανάπτυξη τεχνογνωσίας και την προώθηση 

της έρευνας στη διαχείριση και διοίκηση της εφοδιαστικής αλυσίδας του αγροδιατροφικού 

τομέα. Ιδιαίτερη έμφαση δίνεται στην περιβαλλοντική διαχείριση και την προώθηση πράσινων 

προτύπων και διεργασιών που βασίζονται σε πρακτικές βιώσιμης ανάπτυξης. 
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1 Introduction 
 

The agrifood sector is one of the most important economic and political areas within the 

European Union, with key implications for sustainability such as the fulfilment of human needs, 

the support of employment and economic growth, and its impact on the natural environment. 

Growing environmental, social and ethical concerns of the agrifood sector have led to increased 

pressure by all involved supply chain stakeholders. The GREEN-AgriChains project aims at 

strengthening expertise and research in the fields of agrifood Supply Chain Management (SCM) 

and logistics, through a coherent set of measures that will support the human and material 

resources and promote knowledge transfer and innovation. 

 

2 Methodology 
 

The main focus of the project lies on improving the research capacity of the Aristotle University 

of Thessaloniki (AUT) in the area of Green SCM and Logistics, focusing on the agrifood sector, 

and extending its collaboration network. 

 

 

Figure 1: GREEN-AgriChains thematic areas.  
 

 

All aspects of agrifood supply chain design that support green image will be tackled (Figure 1), 

including carbon footprint, air quality and climate change mitigation aspects, sustainable 

farming, waste management and reuse, transportation, energy consumption efficiency, green 

marketing, green accounting, and corporate social responsibility [1].  

 

This paper highlights the research priorities that fall under the Environmental Management 

research group. The main thematic areas that will be addressed are: 

 

- Emissions reduction & control: Best Available Techniques, economic and technical 

viability of upgrading existing installations, technological advances and late changes. 

 

- Climate change adaptive management: Impacts of climate changes on different 

ecosystems, consequences to agricultural production, extreme weather events and 

disaster management. 
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- Interactions between air quality and agri-production: Crop damages from air pollution 

[2], forecasting of agricultural production, quality of food production.  

 

In order to identify potential research and co-operation areas with other scientists in these fields 

and determine priority research topics, AUT has undertaken a literature study including: 

 

- Crop-response functions of different crops to a number of different atmospheric 

pollutants [3]. The findings of this review will be used to quantify the effects of ozone 

exposure and climatic stressors on crop yields and crop quality indicators and will be 

included in AUT’s air quality modelling toolbox. 

 

- Analysis of main climatic stressors for different crop species and the influence of 

climate change [4] specifically in the case of border-line crops in Europe. This topic is 

especially important for the Mediterranean area, where the predicted temperature 

increase and reduction in rainfall is a potential threat to the agricultural sector. 

 

To support climate-related research, AUT is participating in the Euro-CORDEX project 

(http://www.euro-cordex.net/), one of the regional subsets of the high profile international 

CORDEX initiative. The outcome will be the production of a large regional climate dataset for 

current and future climatology.  

 

AUT is currently also undertaking the collection and archiving of appropriate climate data for 

building a knowledge base and expertise to provide tools and services to appropriate end-users. 

These include: 

 

- Climate monitoring data for Greece and post-processing for use in the validation of 

climate model results and the definition of a reference climatology 

 

- Appropriate observational data sets for Greece and Europe for different climatic 

variables  

 

- Regional climate model results for Greece and Europe from previous projects, reference 

climatology and future projections. 

 

 

Priority research topics determined by both the literature review and the funding schemes 

currently available are planned to be: 

 

- Integrated Dynamic Air Quality Management Systems [5] for regions with significant 

agricultural activity and large point and line emission sources (power producing plants 

and motorways), unfavourable meteorological conditions and anthropogenic activities 

typically linked to urban areas (residential heating, road network). 

 

- Development and application of Integrated Assessment methodology for farm-level 

climate change adaptation measures specifically targeted to meet the needs of small-

scale farmers. 

 

- The effects of climate change on N2O emissions from agriculture and tools to farmers 

for “N2O-conscious crops” (similarly to CO2-neutral crops).  
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- The effects of climate change and air pollutants on leguminous plants and the links 

between biological N fixation by leguminous plants and N2O emissions.  

 

- Climate change and susceptibility to pesticides, (a) increased temperature and drought 

may increase instances of stressed out plants rendering them more susceptible to damage 

from pesticides, (b) changes in temperature, humidity and radiation influence the 

phytotoxicity of pesticides. 

 

 

4 Conclusions 
 

GREEN-AgriChains will develop new skills for the research personnel and will improve 

research infrastructure. Strategic partnerships with well established research institutions will be 

formed and additional twinning with industry stakeholders and policy-makers will be 

facilitated. In respect to sustainable development, the project will focus on green standards that 

will lead to new environmentally benign supply chain design and to operations replacing less 

sustainable practices. 
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ABSTRACT 

The present study aims to identify the relationship between air quality and climate change with 

the use of environmental indicators. The collection and documentation of data for the selected 

indicators aim to explore their connection, with the use of environmental statistics, for selected 

urban centers that are characterized by intense degradation of air quality and the need for 

immediate intervention against the effects of climate change. Multiple regression analysis is 

adopted and the resulting statistical associations demonstrate that this is a notable approach and 

should be considered as complementary to air quality monitoring and adaptation/mitigation 

measures against climate change effects.  

 

Κλιματική αλλαγή και αστική ποιότητα αέρα: Διερεύνηση των 

αλληλεπιδράσεων με τη χρήση περιβαλλοντικών δεικτών 

Δ. Σπυρίδη, Χρ. Βλαχοκώστας, Γ. Μπανιάς, Κ. Σιούταςa και Ν. Μουσιόπουλος 
a Τμήμα Πολιτικών Μηχανικών και Περιβαλλοντικής Μηχανικής, Πανεπιστήμιο Νότιας 

Καλιφόρνιας, 3620 South Vermont Avenue, Λος Άντζελες, Καλιφόρνια, Η.Π.Α. 

 

ΠΕΡΙΛΗΨΗ 
Η παρούσα εργασία επιδιώκει την αναγνώριση των αλληλεπιδράσεων μεταξύ της ποιότητας 

του αέρα και της κλιματική αλλαγής με τη βοήθεια δεικτών. Η συλλογή και καταγραφή 

δεδομένων για τους επιλεγμένους δείκτες αποσκοπεί στη διερεύνηση της συσχέτισής τους, με 

τη χρήση περιβαλλοντικής στατιστικής, για επιλεγμένα αστικά κέντρα τα οποία 

χαρακτηρίζονται από έντονη υποβάθμιση της ποιότητας του αέρα, ενώ παράλληλα υφίσταται 

η ανάγκη άμεσης λήψης μέτρων ενάντια στις επιπτώσεις της κλιματικής αλλαγής. Η ανάδειξη 

συσχετίσεων συμπληρώνεται με τη διατύπωση συγκεκριμένων σεναρίων για διενέργεια 

προβλέψεων μεταβολής των δεικτών αυτών για συγκεκριμένα έτη-στόχους και για 

συγκεκριμένα σενάρια μείωσης εκπομπών. 
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1 Introduction 
 

Due to its complex nature and long-term impacts, climate change currently constitutes the 

greatest environmental challenge for the scientific community. Researchers and policy makers 

increasingly recognize the need to adapt to future changes in climate, given that past emissions 

of greenhouse gases have already introduced the world to some level of climate change [1]. 

Climate change is an important environmental, economic and social problem of the 21st century, 

expected to have a significant impact on the present, but most importantly on future generations. 

Despite the significant uncertainties involved, scientific research has raised serious concerns 

about the increased risk of important and irreversible consequences of climate change, given 

the present evolution of Greenhouse Gases (GHG) emissions. 

 

Since the beginning of the 21st century, it has been widely accepted that uncontrolled 

anthropogenic emissions of greenhouse gases into the atmosphere can disrupt the balance of 

the Earth's climate [2]. It is strongly related to issues such as air quality, sustainable urban 

design, environmental degradation -especially of large urban centers-, and the conservation and 

improvement of environmental quality, the renewable natural resources, biodiversity and water 

resources. The degradation of urban air quality, combined with the rapid increase of urban 

population, will be one of the major problems for the quality of urban climate, leading to 

impacts on public health. 

 

Undoubtedly, climate change adverse effects and the aggravation of air quality have the human 

health as the final acceptor. Consequently it is of crucial importance to monitor health stressors’ 

levels and assess air quality at urban environments [3], combined with monitoring climate 

change parameters. Cities in EU, as well as worldwide, are characterized by the absence of a 

combined monitoring system. Thus, in an effort to apply strategies for monitoring interactions 

between climate change and air quality simultaneously, it may be convenient to identify a set 

of statistical relationships to capture trends and somehow support decision-making. This paper 

presents an approach for capturing the interaction between climate change and air quality with 

the use of indicators through the application of environmental statistics. As a result, there can 

be a reliable forecast of air quality parameters for urban-traffic environments both European 

and international cities, that change constantly due to climate change variability.  

2 Climate change and air quality 

2.1 Relationship between climate and air quality 

 

It is accepted that climate change may have a negative impact on air quality in urban areas with 

particularly negative effects on health. Figure 1 shows the interaction between pollutants, 

climate and air quality [4]. According to Jacob and Winner (2009) the effect of climate change 

on surface air quality is often framed in the broader context of chemistry-climate interactions. 

An external forcing from change in anthropogenic emissions triggers interactive changes within 

the chemistry climate-emissions system, and the perturbation to surface air quality is a 

consequence of these interactive changes. Examples of forcings include anthropogenic 

emissions of CO2 (driving change in climate), NOx (driving atmospheric chemistry), or 

elemental carbon (driving change in climate as well as direct change in air quality). Change in 

atmospheric chemistry affects air quality (ozone and PM) and climate (ozone, PM, methane). 

Change in climate affects natural emissions with implications for air quality. 
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Figure 1: Interactions between pollutants, climate, air quality [5]. 

 

In recent years, air pollution and its effects on public health have created concern not only to 

the scientific community but to the society too. Nowadays, there is an accumulation of human 

activities within the urban areas. As a result, the most economic activities, in which energy 

production prevails, accompanied with air pollutants emissions, lead directly to the degradation 

of the urban environment. In the U.S. the increase of atmospheric aerosols emissions is directly 

related to the population and energy demands increase over the last 100 years [5]. Particulate 

matter (PM) exert a negative radiative force on climate and the reduction of PM deteriorate 

climate change due to greenhouse gases [6]. 

 

Exposure to air pollution is a very important problem for a variety of urban cities both within 

EU and on global scale. Therefore, the determination of pollutant concentrations levels to 

achieve systematically an improving air quality is of major importance. The major threats to 

human health due to air pollution, causing the greatest concern, are associated with high levels 

of PM concentrations, ozone (O3), benzene (C6H6), carbon monoxide (CO), carbon dioxide 

(CO2), and volatile organic compounds (VOCs) [7]. 

 

According to Londhal study [8] particles, climate change and human health have direct 

interactions. Emissions of PM is one of the biggest environmental problems associated with 

human health, including their contribution to the warming of the planet. On the other side of 

the spectrum, also have beneficial attributes, such as the cooling effect in the atmosphere, 

reflecting sunlight, helping the temperature of the planet be maintained. The measures needed 

to reduce PM emissions must be consistent with actions that mitigate climate change effects in 

order to achieve a benefit to human health worldwide, too. 

 

Aerosols directly affect climate by absorbing and reflecting the solar radiation. The 

Intergovernmental Panel on Climate Change (IPCC) has assessed the direct effect of aerosols 

resulting to a negative global irradiance in the range of -0,5±0,4 W/m2, partly offsetting the 

positive irradiance in the order of 2,6±0,3 W/m2 which is derived from long-lived greenhouse 

gases species [9]. Additionally, aerosols affect climate indirectly by modifying the clouds 

properties. The absorption of aerosols affects cloud cover by increasing solar heat in the 

atmosphere ("semi-direct effect") [10]. Aerosols can act as cloud condensation nuclei (CCN) 

as well as ice nuclei. An increase of CNN leads to reduction of the drops size and increases the 

cloud cover, thus reduces the precipitation efficiency. 

 

The need for an integrated air quality and climate change action, incorporated to the policies 

for the environment, deserves special attention. Bond T. C. study [11] states that reducing black 

carbon emissions, and therefore the absorption of aerosols, may promote a "winning" strategy 

for both air quality and actions against climate change. However, such a strategy is complicated 
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by the fact that the sources of black carbon cannot be controlled in isolation from the other 

aerosols components [12]. Efforts for air quality improvement by reducing the sources of 

aerosols can have significant effects on regional climate through the strong radiation forcing 

which comes from aerosols. 

 

Undoubtedly, air pollution in urban level is the cause of a wide range of problems, most 

important of which are considered the risk of human health due to inhalation of PM and gaseous 

pollutants, the accelerated corrosion and the degradation of materials, the destruction of 

historical monuments and buildings, as well as the destruction of flora. In order to address these 

problems, it is necessary to know the concentration levels of pollutants for the identification 

and implementation of effective long-term strategies for limiting air pollution [13]. 

2.2 Environmental indicators 

 

The use of environmental indicators is an important tool for assessing the state of the 

environment and monitoring the progress achieved towards sustainable development. The plan 

towards sustainable development is fundamentally based on the knowledge of the local 

economic opportunities, the local environmental conditions, as well as cultural and social 

characteristics [14]. At the same time, indicators are expected to guide decision-making for 

better urban public policy [15]. 

 

An indicator is information about the quantifiable trend in observable phenomena. Indicators 

are signs or signals that relay a complex message, from potentially numerous sources, in a 

simple and useful manner [16], utilised in order to provide information for the measurement of 

key processes, as well as on changes taking place,. Indicators are mainly used in order to 

provide a framework for setting targets and monitoring performance, need not only to integrate, 

but also to be forward-looking, distributional and ideally constitute the result of input from 

multiple stakeholders [17]. In this context, indicators can provide crucial guidance for decision-

making, since they can transform collected data into manageable units of information that can 

facilitate the decision-making process. In addition, indicators are used in order to measure 

progress towards sustainable development goals and also provide an early warning for the 

prevention of economic, social and environmental damages [18]. 

 

The aim of this research is the study of interactions between climate change and air quality in 

urban environments, using environmental indicators. For this purpose, a thorough literature 

review of indicators was conducted. Through a large set of such indicators, 10 air quality 

indicators and 20 climate change were selected (Figure 2). For these 30 indicators an 

investigation was conducted in order to collect data from a variety of databases, which are 

characterized by high reliability and validity. At this point it is worth noting that the process of 

finding, recording and grouping the data has not been an easy process. Conversely, difficulties 

and deficiencies for records for each of the urban areas under study (Athens and Los Angeles) 

came up. A global phenomenon such as climate change implies the existence of integrated time 

series with valid data in order to conduct reliable conclusions. The effort to collect such 

information includes deficiencies, invalid records, non-computerized information of previous 

years, and obstacles through the research progress that should be identified and resolved. 

 

Highlighting the deficiencies is the basis for further research and a driving force for the 

stakeholders to take into consideration the graveness of the interaction between climate change 

and air quality and act as soon as possible, making the appropriate decisions and taking action. 

Moreover, indicators with difficulties in data finding, were maintained in the list of indicators  
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Figure 2: Air quality and climate change indicators. 

 

in order to emphasize the need of recording that information. However, some climate change 

indicators, which have no implementation in an urban environment, included in the list as a 

future investigation of their interaction with the air quality might be interesting. Indicatively, it 

is mentioned that the data collection for the air quality and climate change indicators made 

through authoritative databases such as the European database for air quality [19], data from 

the website for Europe air quality «Air quality in Europe now» [20], the web site of the Ministry 

of Environment and Climate change of the Greece [21], and the web site for Los Angeles - 

California Environmental Protection Agency-Air Resources board (air quality and 

meteorological information system) [22]. 
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2.3 Regression analysis  

 

Multiple regression analysis is adopted in the framework of this study in order to assess the 

statistical relationships between climate change and air quality indicators. It is mentioned that 

the interaction between climate change and air quality is not routinely monitored by using 

environmental statistics, at least up to the authors’ knowledge. For the study, Athens and Los 

Angeles are selected. Both areas are selected on the basis that are characterized by air pollution 

intensity and are of the most densely populated cities in Europe and USA respectively. Daily 

measurements for the indicators are provided to the public through the Airbase and the air 

quality and meteorological information system of California. 

 

An investigation of the relationship between the indicators with available and continuous 

measurements and a significant number of past years has been conducted, using environmental 

statistics. SPSS 21 software was used to establish statistical relationships of air quality with 

climate change indicators. Herein, a selected number of the interactions between air quality and 

climate change indicators is presented in Table 1.  

3 Results and discussion 

A statistical relationship between core indicators of air quality and climate change may be 

generally applied to urban conurbations that present high levels of atmospheric pollution due 

to the combination of large numbers of citizens and heavily traffic roads [3] in accordance to 

the effects of climate change. Thus, it could be a simple and flexible supplementary tool for 

decision makers. The findings of the current study present that there is a remarkable relationship 

between ozone and temperature, ozone and CO2, and black carbon and temperature. Both  

 

Table 1: Air quality and climate change indicators interaction for Athens (Greece) and Los 

Angeles (California). 

Indicators interaction 
Statistical models (y=f(x)) / Correlation coefficient R2 

Athens (Greece) Los Angeles (LA) (California) 

Οzone (O3) (responsible for 

photochemical reduction) – CO2  

ozone = 0,145*CO2  

R2 = 0,407 

ozone = 0,109*CO2  

R2 = 0,332 

Οzone (O3) (responsible for 

photochemical reduction) – 

Average temperature 

ozone = 2,756*temperature 

R2 = 0,961 

ozone =0,244*temperature 

R2 = 0,955 

PM10 – CO2 PM10 = 0,140*CO2 

R2 = 0,305  

PM10 = 0,091*CO2 

R2 =  0,450 

PM10 – Average temperature PM10 = 2,581*temperature 

R2 = 0,829  

PM10 = 2,219*temperature 

R2 = 0,861  

PM2.5 – CO2  PM2.5 = 0,140*CO2 

R2 = 0,798 

PM2.5 = 0,060*CO2 

R2 = 0,801 

PM2.5 – Average temperature PM2.5 = 0,883*temperature 

R2 = 0,773 

PM2.5 = 1,332*temperature 

R2 = 0,731 

Black carbon (BC) – CO2 black carbon = 0,311*CO2  

R2 = 0,381 

black carbon = 0,004*CO2  

R2 = 0,472 

Black carbon (BC) – Average 

temperature 
black carbon = 5,380*temperature  

R2 = 0,547 

black carbon = 3,086*temperature  

R2 = 0,496 

SO2 – Average temperature SO2 = 0,905*temperature  

R2 = 0,624 

SO2 = 0,837*temperature  

R2 = 0,637 

CO – Average temperature CO = 0,106*temperature  

R2 = 0,691 

CO = 0,091*temperature  

R2 = 0,567 
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Athens and Los Angeles are large urban agglomeration, facing daily dreadful air pollution and 

continuous climate change conditions. 

 

Among others, it is of particular interest the correlation of black carbon with CO2. Both black 

carbon and CO2 are significant factors of climate change, each of them with its own 

characteristics. Black carbon warms the Earth by absorbing heat in the atmosphere and by 

reducing albedo, the ability to reflect sunlight, when deposited on snow and ice, causing them 

to melt much faster. Black carbon stays in the atmosphere for a few weeks, whereas CO2 has 

an atmospheric lifetime for many years/decades. 

 

Ozone and average temperature linear relationship seems the most notable (Athens: R2=0,961 / 

LA: R2=0,955) for both under study cities. On the other hand, O3 and BC do not present such 

significant correlation to CO2 (Athens: R2=0,407/0,381, LA: R2=0,332/0,472). Ιt is evident that 

in both cities under study each statistical relationship confirmed, with either a high or low 

correlation coefficient for the aforementioned air quality and climate change indicators. In 

addition, SO2 (Athens: R2=0,624 / LA: R2=0,637) and CO (Athens: R2=0,691 / LA: R2=0,567) 

are somehow remarkably associated to average temperature. Perfect collinerarity would be the 

case if the correlation between two independent variables is equal to 1 or -1. The interesting 

and noteworthy statistical relationships between PM10 and PM2.5 with the climate change 

indicators “average temperature” and “CO2” needs further investigation of how the interaction 

works.  

 

In order to provide a more detailed and precise analysis of the interaction between climate 

change and air quality, it would be necessary to have data for the vast majority of the indicators 

presented in Figure 2, for all the stations worldwide under any study. However, it is mentioned 

that indicators which not have application in urban environments (as Athens and Los Angeles 

are) such “length of growing season” and “cross yield variability”, remain to the list in order to 

underline the need of measuring these indicators, investigating the air quality-climate change 

correlation.  This constitutes a future challenge with added value. 

4 Conclusions 

Environmental statistics and regression analysis may be generally applied to give air pollutants 

predictions using available measurements in urban areas characterized by intense degradation 

of air quality and significant climate change effects. The majority of urban areas worldwide are 

characterized by the absence of a combined control system in order to confront air pollution 

and climate change together. It is particularly important to achieve combined monitoring of air 

quality with climate change impacts in urban areas. The collection of the necessary information 

is of particular importance and will contribute for a combined monitoring of air pollutants and 

climate parameters. Consequently, the enforcement of holistic measures aiming to encounter 

the air quality degradation, as well as the adverse effects of climate change in an urban 

environment, will be initiated. Urban environments are significantly impaired by population 

growth and pollution. 

With the implementation of environmental statistics and the use of the aforementioned 

statistical relationships, which are characterized by flexibility and simplicity in use, the 

stakeholders and decision-makers have the opportunity, in combination with other methods of 

measurement and prevention, to obtain a first estimate regarding changes in significant air 



32                                       D. Spyridi, Ch. Vlachokostas, G. Banias, C. Sioutas and N. Moussiopoulos 

 

pollutants and take measures in time. This will contribute to the reduction of atmospheric 

emissions and climate-active pollutants, with immediate benefits to human health.   

 

Decision-makers should concern for the appropriate infrastructures of measurement networks 

for important atmospheric parameters both for the environment and human health. 

Undoubtedly, the ultimate acceptor of the effects both from climate change and the impaired 

air quality, is human health. The human health risk of air pollutants inhalation, the accelerated 

corrosion and materials degradation, the destruction of historical monuments and buildings, as 

well as the destruction of flora are important points to be taken into account. To address these 

problems, it is necessary to know the concentration levels of air pollutants in order to identify 

and implement effective strategies. 
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New inflow boundary conditions for homogeneous atmospheric 

boundary layer under the power law for street scale modelling 

V. Akylas, F. Barmpas, N. Moussiopoulos and G. Tsegas 

 

ABSTRACT 

The widely used horizontally homogenous boundary conditions for microscale modelling do 

not normally agree with field measurements while at the same time the profiles obtained by 

measurements do not preserve the homogeneity of the flow. As a result, in recent years 

alternative sets of boundary conditions have been proposed in order to bridge the gap between 

real life vertical Atmospheric Boundary Layer (ABL) profiles and those applied as input 

boundary conditions for modelling purposes. In the present study the homogeneity of the 

boundary conditions is addressed by applying the power law for the vertical distribution of 

horizontal mean wind speed of ABL to obtain the appropriate vertical profiles. In order to 

validate the new set of inflow boundary conditions a series of numerical simulations were 

performed. To this end, the Computational Fluid Dynamics code MIMO was utilized under 

different sets of boundary conditions. 

 

 

Νέες οριακές συνθήκες για το ομοιογενές οριακό στρώμα υπό τον 

εκθετικό νόμο για μοντέλα κλίμακας δρόμου 

Β. Ακύλας, Φ. Μπάρμπας, Ν. Μουσιόπουλος και Γ. Τσέγας 

 

ΠΕΡΙΛΗΨΗ 

Σε προσομοίωση μικροκλίμακας, οι καθιερωμένες οριακές συνθήκες που περιγράφουν την 

οριζόντια ομοιογενή ροή συνήθως δεν συμφωνούν με τις μετρήσεις πεδίου ενώ αν 

χρησιμοποιηθούν οι μετρήσεις δεν διατηρείται η ομοιογένεια της ροής. Για την επίλυση του 

φαινομένου τα τελευταία χρόνια έχουν προταθεί εναλλακτικές οριακές συνθήκες προκειμένου 

να μειωθεί το χάσμα μεταξύ των μετρήσεων των ταχυτήτων του Ατμοσφαιρικού Οριακού 

Στρώματος (ΑΟΣ) και της οριακής συνθήκης εισόδου της ταχύτητας στο κατακόρυφο επίπεδο 

που αξιοποιείται στην αριθμητική προσομοίωση. Στην παρούσα εργασία, η ομοιογενής οριακή 

συνθήκη εξετάζεται με την εφαρμογή του εκθετικού νόμου για την κατακόρυφη κατανομή της 

οριζόντιας ταχύτητας του ΑΟΣ με σκοπό τη δημιουργία του κατάλληλου κάθετου προφίλ. Οι 

νέες οριακές συνθήκες επικυρώθηκαν με βάση τα αποτελέσματα των αριθμητικών 

προσομοιώσεων. Για το σκοπό αυτό χρησιμοποιήθηκε o κώδικας υπολογιστικής 

ρευστομηχανικής ΜΙΜΟ υπό διαφορετικές οριακές συνθήκες.  
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1 Introduction 
 

A proper and accurate description of the lower part of the Atmospheric Boundary Layer (ABL) 

is necessary for a wide range of environmental flow and air pollutant dispersion studies. 

Focusing on numerical simulations at the street scale, over the last two decades Computational 

Fluid Dynamics (CFD) have been recognised as a valuable numerical tool able to offer 

significantly higher accuracy compared to the most commonly used empirical and semi-

empirical models 

 

Over the past two decades, a consensus has formed among the scientific community that in 

applying CFD models for dispersion problems in urban areas, the computational domain size 

must be large enough to ensure that all perturbations of the flow induced by the resolved 

buildings like the upstream stagnation pressure, are included in the numerical solution [1]. The 

integration of this technique in the numerical solution requires that the vertical profile of the 

ABL maintains a horizontal homogeneity in order to minimize the generation of disturbances 

[2]. This phenomenon normally occurs when streamwise gradients of the wind velocity and the 

turbulent quantities are zeroed in areas upsteam and downstream of the obstacles area. In the 

case when the standard k-ε turbulence model is employed, this results to a conservation of the 

local equilibrium of the local production rates of the main turbulent quantities paired in space 

and time. To address this problem, the fully developed profiles of the mean velocity, the 

turbulent kinetic energy and the dissipation rate proposed by [2] are normally used to prescribe 

inflow boundary conditions. However, in these cases, the vertical TKE profile is not necessarily 

always in agreement with field measurements [3]. In view of these findings, within the frame 

of the current study a new set of boundary conditions is proposed which are based on the power 

law for the description of the mean velocity while the vertical profiles of k and ε are extracted 

as the solution of the turbulence model and preserve the horizontal homogeneity.  

 

2 Methodology 
 

As stated above, a new set of inflow conditions is considered in this paper. The vertical profile 

of the mean velocity u, the turbulent kinetic energy k and the dissipation rate ε are described by 

the following equations: 

  𝑢(𝑧) = 𝑢𝑠 (
𝑧

𝑧𝑠
)

𝑎

      (1) 

    𝑘(𝑧) = √𝐷1 ∙ 𝑧𝛼 + 𝐷2     (2) 

    𝜀(𝑧) = √𝐶𝜇 ∙ 𝑘(𝑧) ∙
𝑢𝑠

𝑧𝑠
∙ 𝑎 ∙ (

𝑧

𝑧𝑠
)

(𝑎−1)

    (3) 

where us is the velocity measured at the reference height, zs, α is the power law exponent, D1 

and D2 are constants determined by profile fitting based on the available measurements and Cμ 

is a wall constant of the turbulence model, equal to 0.09 for the standard k-ε turbulence model. 

All results produced by these new inflow boundary conditions are denoted as power law 

conditions (PL). 

 

The performance of the proposed inflow boundary conditions is demonstrated on the basis of 

comparison between numerical results and wind tunnel measurements for the test case 

CEDVAL A1-1 [4], during which the atmospheric flow properties around a surface mounted 

cube under a scale of 1:200 were measured. The evaluation procedure for the needs of the 

current study took place in three stages. During the first stage and prior to the numerical 

simulations, the production of the vertical profile of the approaching wind under different 

boundary conditions was thoroughly documented. At the second stage, the case of the 



                    New inflow BCs for homogeneous ABL under the power law for street scale modelling              37 

atmospheric flow over a rough terrain was investigated. For this purpose, a series of two 

dimensional simulations were performed in order to quantify the correlation of the ABL at the 

inflow and outflow surfaces and assess the ability of the model to maintain horizontal 

homogeneity over a rough terrain. In the third stage the complete flow around a surface-

mounted cube approximating a single building was considered. 

 

The vertical profile of the ABL was produced using wind tunnel measurements. In particular, 

the friction velocity was found to be u*=0.377 ms-1, the roughness length z0=0.007 m, the 

reference velocity us=6 ms-1 at a reference height zs=0.5 m with a zero displacement height and 

the power law exponent α=0.21. The numerical simulations were conducted using the 

microscale model MIMO [5]. For the two dimensional case, a structured mesh which comprised 

of a total of 150×57 cells was used with minimum cell size of 0.01 m and 0.0125 m and 

expansion factors of 1.04 and 1.05 along the longitudinal and vertical axes of the domain 

respectively. For the three dimensional case, a total of 150×57×54 cells were employed with 

minimum cell sizes of 0.01 m, 0.0125 m and 0.0125 m with expansion factors of 1.04, 1.05 and 

1.05 along the longitudinal, vertical and horizontal axes respectively. At the top and at the 

outflow planes of the domain homogeneous Neumann boundary conditions were applied. At 

all other face boundaries Dirichlet conditions were applied. At all solid surfaces like the ground 

and the building’s walls the standard wall functions were used. 

 

The results of the numerical simulations with the proposed inflow conditions were compared 

with results from simulations under the ones proposed both by [2], denoted hereby as RH and 

those by [1], denoted as AIJ. The RH conditions employ the log law for the mean velocity in 

contrast to the AIJ conditions which employ the power law for the mean velocity and the 

dissipation rates. The TKE profile is generated based on the estimated boundary layer height zG 

in accordance with the roughness class of the terrain. For the needs of the comparison between 

the calculated vertical profiles, the statistical indices of the normalized mean square error 

(NMSE) and the correlation coefficient R were used. Furthermore, in order to quantify the 

agreement between measurements and numerical simulations the hit rate q is employed in 

accordance with equation (4): 

 𝑞 =
𝑁

𝑛
=

1

𝑛
∑ 𝑁𝑖

𝑛
𝑖=1 , where  𝑁𝑖 = {

1   for    |
Pi−Oi

Oi
| ≤ D   or  |Pi − Oi| ≤ W

0       else                                                      
  (4) 

Where Pi are the model results, Oi the observation data, D the relative deviation which is set to 

25% and W the absolute deviation or threshold. This threshold signifies the acceptable degree 

up the measurement uncertainty of the observation. The value of W is set to 0.012 for the 

velocity results and 0.0316∙(k∙us
-2)0.518 for the turbulent kinetic energy. 

 

3 Results and discussion 
 

The first stage results for the vertical profiles of the velocity and TKE at the inlet are presented 

in Figure 1. The estimated values of the NMSE for the log and power law cases were 0.09 and 

0.037 respectively, with the R standing at 0.995% for both cases. A comparison of the results 

for the velocity illustrated in Figure 1a, reveals that while the power law performs better closer 

to the ground, the power law proves more accurate at higher locations. A similar comparison 

for TKE demonstrates that the accurate reproduction of the vertical profile of the TKE is highly 

uncertain and very difficult to achieve. In any case however, the results for the selected 

statistical metrics presented in Table 1 show that the application of the proposed flexible 

conditions leads to relatively more accurate results. 
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Figure 1: Comparison of physical and numerical simulations results for the vertical profile of 

ABL for the mean wind speed (left) and the TKE (right). 

 

Table 1: NMSE and R for the vertical profile of TKE reproduced under different boundary 

conditions. 

 PL Yang Parente RH AIJ 

NMSE 0.63 0.66 1.10 3.41 0.95 

R 64.1% 58.2% 56.2% 0.0% 51.0% 

 

The second stage results for the correlation between the inlet and the outlet profiles are 

presented in Figure 2. For moderate values of the approaching wind speed PL and AIJ 

conditions dot not perform as well as the RH. On the other hand in the case of TKE, PL 

conditions perform much better than AIJ and RH especially at lower heights close to the ground. 

Overall, the correlation between the inflow and outflow profiles presented in Table 2, is 

satisfactory in all boundary condition cases, with RH performing better for velocity and PL 

better in the case of TKE. 

 

 
Figure 2: Correlation between mean wind speed (left) and TKE (right) at the inflow and 

outflow boundaries. 

 

For the third stage, the dimensionless simulation results of velocity and TKE are presented in 

Figure 3. Comparison of results from the simulations with the log and power laws boundary 

conditions shows larger deviation between the two on the vertical plane and close agreement 

on the horizontal plane. In the case of the vertical plane, the utilization of the RH conditions 

leads to over predictions for the TKE in contrast to AIJ which leads mainly to under predictions. 

As a result the deviation of the results for TKE between the RH and the AIJ conditions are 

much larger compared to the ones on the horizontal plane. 
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Table 2: Correlation coefficient for velocity and TKE profiles for stage two. 

 RH PL AIJ 

Velocity 98.7% 98.3% 98.3% 

ΤΚΕ 91.7% 97.3% 87.4% 

 

 
(a)       (b) 

 
(c)       (d) 

Figure 3: Correlation of numerical results and wind tunnel measurements for velocity and 

TKE at a vertical and a horizontal plane at various areas relative to the building. 

 

Table 3: Velocity hit rate for MIMO simulations and other published results. 

uus
-1 MIMO RH MIMO PL MIMO AIJ Gorle RH Gorle mod Parente PS2 

Upstream 0.82 0.81 0.81 0.9 0.87 0.9 

Side/Top 0.74 0.73 0.73 0.75 0.81 0.79 

Downstream 0.47 0.46 0.46 0.49 0.59 0.58 

All 0.63 0.61 0.61 0.66 0.71 0.71 

 

Table 4: TKE hit rate q for MIMO simulations and other published results. 

kus
 -2 MIMO RH MIMO PL MIMO AIJ Gorle RH Gorle mod ParentePS2 

Upstream 0.53 0.52 0.45 0.36 0.51 0.58 

Side/Top 0.37 0.33 0.33 0.51 0.31 0.54 

Downstream 0.54 0.57 0.54 0.59 0.49 0.62 

All 0.50 0.51 0.48 0.51 0.47 0.59 

 

Results for the hit rate for the dimensionless velocity and TKE are presented in Tables 3 and 4 

which were estimated utilizing numerical results from simulations with MIMO and [6] with the 

commercial software ANSYS Fluent. MIMO predictions for velocity are slightly less accurate 

compared to those by [6]. However, it performs much better in predicting TKE, especially 
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upstream of the building area. Further comparison of MIMO results between the different 

boundary condition cases shows only minor differences. In particular, the application of power 

law conditions compared to AIJ and the RH resulted in slightly reduced accuracy of the velocity 

prediction. On the other hand, compared to the cases of the AIJ and RH conditions the use of 

the PL conditions overall led to better predictions for TKE. 

 

4 Conclusions  
 

In the present study a new set of boundary conditions for the vertical profile of the ABL were 

proposed with the aim to improve the accuracy of numerical predictions, for dispersion 

problems in urban areas with the use of traditional CFD codes. These conditions provide a 

vertical profile of the mean wind speed in the ABL at the inflow face of the computational 

domain in accordance with the power law and the needs of the k - ε turbulence closure model. 

Simulation results were evaluated over three stages based on through comparisons a wind 

tunnel simulation of ABL around an isolated building. Overall, under the new conditions 

simulation results were improved for the flow over rough terrain, especially for TKE. In the 

case of the surface-mounted obstacle the results were improved for the prediction of TKE 

especially downstream and in the wake region of the building. 
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ABSTRACT 

The use of detailed urban land use classifications in the computational domains of mesoscale 

models introduces new challenges for the accurate incorporation of complex interactions related 

to the dynamical and thermal interactions of the urban canopy with the atmospheric boundary 

layer. Aiming to address these requirements, a new urban surface scheme was incorporated in 

a mesoscale meteorological model. In addition, an advanced data assimilation module was 

implemented for incorporating high-resolution data from satellite products and for enabling the 

self-consistent estimation of anthropogenic heat fluxes. The enhanced version of the model was 

evaluated in two mesoscale applications covering the greater urban areas of Paris, France and 

Athens, Greece. 

 

Σχήμα αφομοίωσης ροής ανθρωπογενούς θερμότητας από 

δορυφορικά δεδομένα σε μετεωρολογικό μοντέλο μεσοκλίμακας 
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Θάλασσας, Πανεπιστήμιο Αιγαίου, Ελλάδα 
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ΠΕΡΙΛΗΨΗ 

Η χρήση αναλυτικών δεδομένων κάλυψης γης για τις αστικές περιοχές στο υπολογιστικό 

πλέγμα μετεωρολογικών μοντέλων μεσοκλίμακας (ΜΜΜ) εισάγει νέες προκλήσεις για την 

ακριβέστερη περιγραφή των αλληλεπιδράσεων που συνδέονται με τις δυναμικές και 

θερμοδυναμικές αλληλεπιδράσεις του αστικού θόλου με το ατμοσφαιρικό οριακό στρώμα. Στο 

πλαίσιο των παραπάνω στην παρούσα εργασία επιχειρήθηκε η εισαγωγή ενός σχήματος 

αφομοίωσης δεδομένων σε ΜΜΜ μέσω του οποίου εισάγονται για τις αστικές περιοχές νέα 

αναλυτικότερα δεδομένα από δορυφορικούς δέκτες, καθώς επίσης και ωριαίες τιμές ροής 

ανθρωπογενούς θερμότητας. Η νέα έκδοση ΜΜΜ εφαρμόσθηκε και αξιολογήθηκε για τις 

αστικές περιοχές της Αθήνας και του Παρισιού. 
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1 Introduction 
 

Human activities and the consequent alterations of the land characteristics which lead to urban 

growth is a worldwide phenomenon. This rapid increase of urbanization has a significant 

influence on the surface energy and water moisture balance, affects the local atmosphere 

boundary layer structure and urban microclimate and has an impact on the quality of urban life 

[1]. Anomalies in surface heating, moisture availability and surface roughness could be also 

induced in distances from several to 100 km, affecting mesoscale circulations and the 

Atmospheric Boundary Layer (ABL) structure. Urban warming, or the urban heat island (UHI), 

and the associated circulation is a result of man-made modifications of the surface energy 

balance (SEB). Anthropogenic heat release is one of the most important causes of the UHI and 

it impacts urban ABL [2]. Several parameterization schemes of anthropogenic heat release have 

been suggested for numerical modelling in urban areas. The objective of this paper is to develop 

a methodology for estimating anthropogenic heat as well as the investigation of the influence 

of surface parameters appearing in the SEB terms (albedo, thermal inertia, and anthropogenic 

heat flux) and mechanical parameters (roughness length) on the structure of the ABL over urban 

areas. 

 

2 Surface parameterisation and anthropogenic flux  
 

The Greater Athens and Paris Areas (GAA & GPA) were selected as case studies (Figure 1) for 

validating the system as typical cases of simple and complex topographical configurations, 

respectively. The meteorological periods selected were (a) for the GAA: 23-24/6/2002, 29-

30/6/2002 and 19-20/9/2002 and (b) for the GPA: 1-2/7/1999, 16-17/7/1999 and 28-29/7/1999. 

The non-hydrostatic mesoscale meteorological model MEMO was used (Moussiopoulos, 

1995). 

 

Mesoscale models require a variety of input data whose collection might be inaccurate or costly. 

Remote sensing data provide a great advantage, due to their high spatial / temporal resolution 

and rich spectral content. In this study, a comprehensive input database was developed by 

remote sensing image processing. A detailed orography dataset was derived from the Shuttle 

Radar Topography Mission - SRTM/90 m database. The land use dataset originated from the 

Corine Land Cover 2000 (CLC 2000) database, which includes 44 land use (LU) types. In this 

study, the original LU types were reclassified to (a) seven LU types, traditionally used in 

MEMO applications (scheme-1) and (b) eleven LU types for a more accurate representation of 

the urban environment (scheme-2). Initial night time Land and Sea Surface Temperatures were 

derived from the Moderate-resolution Imaging Spectroradiometer (MODIS) instruments. 

Finally, the roughness length was derived by the application of simple empirical relationships 

between satellite radiometry and vegetation physiology (Nitis, 2016). Anthropogenic heat flux 

(Qf) and moisture emissions vary significantly both in time and space, and are not readily 

measured nor calculated. In urban areas, Qf is difficult to be quantified directly and accurately. 

In this study, the anthropogenic heat discharge was estimated based on the urban canopy energy 

balance equation and use of combined advanced space-borne thermal emission and reflection 

radiometer remote-sensing data and ground meteorological data (Nitis, 2016). The results are 

shown in Figure 2, for typical summer days, with a spatial resolution of 30 m. 

 

In the GAA, values range from 0 to 265 Wm-2 with a mean value of 149 Wm-2. In the GPA, 

maximum values for Qf reach 285 Wm-2 with a mean value of 197 Wm-2. It should be noted 

that over areas of dense urban fabric, maximum Qf values are strongly dependent on the spatial 

resolution. 
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Figure 1: Configuration of nested grids for (a) Greater Athens Area and (b) Greater Paris 

Area. The outer frame indicates the coarse grid and the inner the fine domain. 

 
Figure 2: Anthropogenic heat for GAA (26 July 2001) and for GPA (24 August 2000). 

 

3 Model results 
 

The MEMO model performance was evaluated and the two land use schemes were compared 

for the wind speed and direction and temperature at specific meteorological stations for the 

periods under study. A satisfactory performance of the model was shown for all cases. Results 

the median daily fluctuation of hourly temperature values for GAA are shown in Figure 3. The 

appearance of a strong temperature differential between the urban and the surrounding rural 

areas can be noted, which is about 3 K. The spatial maximum of the median calculated hourly 

temperatures for the entire study period is 302.63 K while its spatial average amounts to 299.13 

K, with spatial temperature maxima consistently located in the central and south-central parts 

of the urban area. Results for the 29 June also indicate a systematic cooling of the Mesogeia 

area in the eastern part of the Attica peninsula. In contrast, the heavily-industrialized Elefsis 

bay area in the west appears to be warmer than the domain average. Figure 4 shows the spatial 

distribution of the median hourly temperature for GPA for the entire calculation period. An 

increase of the temperature spatial maximum by 3.1 K is observed. Outside the central urban 

area, several individual maxima can be noted, corresponding to sub-urban centres. On 28 July 

1999, a shift of the spatial temperature distribution towards the west-southwest can be seen, 

reaching even low Qf areas of urban green. This trend is consistent with a displacement of the 

urban plume along the direction of the prevailing east-northeast winds during most of this day. 

The calculated temperature maximum is 301.18 K with a spatial average of 298.98 K for the 

urban area, corresponding to an average UHI intensity of 3 K. 
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Figure 3: Median daily fluctuation of hourly temperature values for the fine domain in GAA 

for all periods under study (left) and for 29 June 2002 (right) for scheme-2. 

 

Figure 4: Same as Figure 3 for GPA for all the periods (left), for 28 July 1999 (right). 

 

4 Conclusion 
 

Main goal of this study was to describe the effects of incorporating Qf in model calculations 

and its impact on the boundary layer structure over high populated areas. Model performance 

is satisfactory regarding the mesoscale fields. Introduction of Qf in the model calculations leads 

to a significant improvement in the simulation of night-time UHI, by consistently predicting an 

early-night-time urban-rural temperature differential between 1-4 K. In the case of Paris, 

however, the lack of an explicit heat storage scheme is considered to prevent an accurate 

prediction of UHI during the early-morning hours. 
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ABSTRACT 

In this study, an ammonia SCR system was examined with respect to its impact on both solid 

and total exhaust particle number and size distribution, downstream of a diesel particulate filter 

(DPF). Fuel post-injection was conducted in some tests to investigate the effect of ammonia 

during active DPF regeneration. On average, the post-DPF solid >23nm and total <23nm 

particle number emissions were increased by 129% (range 80-193%) and by 67% (range 26-

136%), respectively, when 100 ppm ammonia level was induced downstream of the SCR 

catalyst.  

 

Η επίδραση της επιλεκτικής καταλυτικής αναγωγής στο 
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ΠΕΡΙΛΗΨΗ 

Στην παρούσα μελέτη διερευνήθηκαν οι επιπτώσεις ενός συστήματος SCR αμμωνίας στην 

κατανομή του αριθμού και του μεγέθους τόσο για τα στερεά όσο και στο συνολικά σωματίδια 

εξάτμισης, κατάντη ενός φίλτρου κατακράτησης σωματιδίων ντίζελ (DPF). Σε κάποιες δοκιμές 

διεξήχθη επιπλέον έγχυση καυσίμου για να διερευνηθεί η επίδραση της αμμωνίας κατά τη 

διάρκεια της ενεργούς αναγέννησης του DPF. Κατά μέσο όρο, οι εκπομπές κατάντη του DPF 

όσον αφορά στον αριθμό των στερεών σωματιδίων αεροδυναμικής διαμέτρου > 23 nm και των 
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συνολικών σωματιδίων αεροδυναμικής διαμέτρου < 23 nm αυξήθηκαν κατά 129% (εύρος 80-

193%) και κατά 67% (εύρος 26 - 136%), αντίστοιχα, όταν τα επίπεδα της αμμωνίας που 

σχηματίστηκε ανήλθαν σε 100 ppm.  

 

1 Introduction 
 

The superior fuel efficiency of diesel engines compared to their petrol counterparts comes at a 

cost of elevated pollutant emissions, including particulate matter (PM) and nitrogen oxides 

(NOx).  Diesel exhaust is directly linked to a range of health endpoints such as asthma, lung, 

and heart disease [1, 2]. It is also classified by a number of epidemiologic and experimental 

studies as “potentially” and, lately, as “definitely” carcinogenic to humans [3-5]. 

 

The toxic nature of diesel exhaust has led to the introduction of increasingly stringent emission 

limits for diesel vehicles.  In response, advanced diesel exhaust aftertreatment became popular, 

as engine measures alone were not sufficient to meet the limits enforced at US2007/2010 and 

Euro V/VI heavy duty, as well as Euro 5/6 light duty emission standards.  Ultrafine particulate 

matter, a chronic problem of diesel exhaust, has been reduced by orders of magnitude with the 

use of diesel particulate filters (DPF) [6, 7]. The abatement of NOx emissions at US 2010 and 

post Euro V emission standards has been primarily based on the selective catalytic reduction 

(SCR) with ammonia (NH3), a technology first used at stationary applications with high 

conversion efficiency [8-10]. Euro 6 and US Tier 2 diesel passenger cars also largely benefit 

from SCR for NOx compliance. In this, a urea solution is injected in the exhaust line and is 

decomposed by a catalyst to NH3 which is then used by the SCR to reduce nitrogen oxides. 

 

One of the main SCR challenges is the delivery of the exact amount of NH3 necessary for NOx 

conversion, even during transient operation. Less than stoichiometric NH3 dosing will lead to 

NOx exceedances, while excess urea injection will lead to ammonia escaping the exhaust 

(“ammonia slip”). An NH3 oxidation catalyst, widely referred to as “ammonia slip catalyst” 

(ASC), follows the SCR catalyst to control NH3 slip below the regulated limit of 10 ppm. The 

presence of ASC is necessary to control emissions during occasional NH3 overdosing, which is 

practiced to ensure sufficient NOx reduction, as well as NH3 desorption during exhaust 

temperature increases [11]. European light duty diesel regulations do not yet include any 

exhaust NH3 limit. Therefore, no ASC is necessary and NH3 exhaust concentration is not 

controlled in such applications. Moreover, gasoline vehicles may produce high NH3 emissions, 

with measured exhaust NH3 contents up to 200 ppm [12-16]. 

 

In addition to its toxic character, NH3 could lead to the formation of new exhaust particles, but 

the conditions and extent of such formation are still unclear. Liu et al. [17] actually reported 

approximately 20% lower PM emissions when using SCR on a heavy duty engine at low load. 

Similarly, Vaaraslahti et al. [18] measured 30% lower accumulation mode particle 

concentration at low engine load when SCR was implemented. This was rather attributed to 

oxidation of the volatile PM fraction, assisted by the oxidation catalyst accompanying the SCR. 

Other studies [19, 20] have shown two to three times higher particle number and mass emissions 

with combined SCR and oxidation catalyst implementation. In configurations that combine 

SCR with DPFs, SCR operation has been shown to increase PM [21, 22], total number [7, 23] 

and solid>23nm number22 of particles by up to three times.  In few cases [24, 25] the SCR 

operation has been shown to increase the particle number or mass downstream of DPFs by over 

one order of magnitude. PM collected in the exhaust of SCR equipped vehicles contains higher 

fractions of nitrate and ammonium species compared to no-SCR configurations.   
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In order to understand how and to what extent the SCR operation affects particle formation 

downstream of DPFs, this study examines different particle characteristics in the tailpipe of an 

SCR equipped engine, including operation with excess NH3 and DPF regeneration conditions. 

Our intention has been to understand particle formation via the direct interaction of NH3 with 

the catalyst and not address particles originating from urea impurities or urea decomposition in 

the SCR. Hence, NH3 and not urea solution injection has been used in our tests. Both catalyzed 

and uncoated DPFs have been used and tests included conditions typically encountered during 

active DPF regeneration. The results of the study may be used to understand impacts of SCR in 

existing vehicle systems and to optimize SCR operation for future vehicle applications, as well 

as to further improve exhaust emission regulations.  

 

3 Experimental 

 
3.1 Measurement setup 

 

The exhaust aerosol was produced by a Mercedes-Benz 2.2L Euro 4 diesel engine with a 

maximum power of 110kW, operating at steady state. The engine was turbocharged and 

equipped with common rail fuel injection and exhaust gas recirculation for NOx reduction. A 

Schenk W130 eddy-current dynamometer was used for engine loading, while the operation 

parameters and post-injection could be adjusted as desired through open access to its electronic 

control unit (ECU). The sulfur contents of the fuel and the lubricant used were lower than 10 

ppm wt. and 2000 ppm wt., respectively. 

 

The aftertreatment configuration comprised a SiC DPF upstream of a commercial Fe-Zeolite 

SCR flow-through catalyst. No DOC was installed upstream of the DPF and no ASC was used 

downstream of the SCR.  This was done on purpose, in order to measure the impact of actual 

NH3 levels over the SCR catalyst on particle formation.  The exhaust gas temperature and 

pressure were measured up- and down-stream of each device, in order to continuously monitor 

their operation.  A catalyst-coated and an uncoated DPF of otherwise similar specifications 

were sequentially tested to explore the impact of DPF specifications on particle formation. 

 

Liquid NH3 was injected upstream of the SCR catalyst by means of a syringe pump and a spray 

element that uniformly distributed NH3 in the exhaust flow stream. The intention of using NH3 

instead of urea was to understand whether particles can be formed by the direct interaction of 

NH3 with the catalyst and the exhaust gas.  Other mechanisms with the potential to form 

particles in actual applications include urea impurities or, potentially, particles formed during 

urea decomposition. The NH3 dosage was controlled via a mass flow controller, while an ABB 

Limas 11HW analyzer monitored the NH3, NO2 and NO concentrations downstream of the SCR 

catalyst. 

 

3.2 Particle sampling and instrumentation 

 

A schematic of the experimental setup used in this study is shown in Figure 1. Exhaust gas 

sampling was conducted directly in the tailpipe using a Dekati Fine Particle Sampler (FPS), 

providing a dilution ratio (DR) of 11:1 with purified air at ambient temperature. The dilution 

ratio was continuously monitored by measuring the CO2 concentration in the diluted and raw 

exhaust samples. The number concentration of solid >23nm particles was measured 

downstream of the FPS according to the PMP sampling procedure with an AVL Particle 

Counter (Model No 489), hereafter referred to as “PMP” setup. The aerosol was pre-



S. Amanatidis, L. Ntziachristos, B. Giechaskiel, A. Bergmann and Z. Samaras 

 

48 

conditioned in order to eliminate volatile particles. This was realized by hot dilution at 150°C 

(DR 25:1) followed by an evaporation tube at 350°C and an additional dilution stage at ambient 

temperature (DR 10:1), resulting to a total dilution ratio of 250:1. The PMP setup was calibrated 

prior to testing by using a reference Condensation Particle Counter (CPC) (model TSI 3790A). 

Particle losses in the PMP setup were taken into account by using dilution ratio specific 

correction factors provided by the instrument’s manufacturer.  

 

The number weighted particle size distribution in the range 2-64 nm was measured downstream 

of the FPS using a TSI Scanning Mobility Particle Sizer (SMPS), consisting of a 3080 

Electrostatic Classifier, a 3085 Differential Mobility Analyzer and a 3776 CPC. An evaporation 

tube in series with a catalytic stripper provided by AVL and a cooling spiral were installed 

upstream of the SMPS to remove volatile particles. The catalytic stripper had both hydrocarbons 

oxidation and sulfur storage capabilities and has been shown to lead to efficient removal of 

volatile particles even below 23 nm. An additional ejector diluter (10:1 dilution ratio at ambient 

temperature) was optionally used during high concentration tests to reduce the concentration 

within the measuring range of the SMPS. Alternatively, the SMPS sampled from a so-called 

“bypass” line with no thermal pre-treatment, in order to measure the “total” particle number, 

including volatile particles. A size-dependent correction was applied to particle concentrations 

obtained through the catalytic stripper branch to account for diffusion and thermophoretic 

particle losses. 

. 

 
 

 

Figure 1: Experimental setup used for particle emission measurements. 

 

3.3 Measurement protocol 

 

The effect of NH3 on particle number emissions was explored at both a high-to-medium 

(2500 rpm/110 Nm) and a lower load (2500 rpm/60 Nm) engine points, corresponding to 32% 

and 18% of the maximum torque, respectively.  The exhaust gas temperature at the SCR inlet 

reached around 400°C and 300°C at the higher and lower loads, respectively. The particle 
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concentration was measured continuously for 20 min after the engine was stabilized at each 

engine point. 

 

Tests were conducted without any NH3 injection (baseline) and by NH3 injection at a level 

corresponding to 100 ppm downstream of the SCR catalyst. Typical cycle-average NH3 

concentrations in the exhaust line of actual vehicles do not exceed 10 ppm, which is also the 

regulatory limit. The level established in this study is however typical for NH3 overdosing 

conditions, which are often practiced in real world vehicle operation to guarantee that NOx 

levels will remain within regulatory limits.  This relatively high level is then brought within 

limits downstream of the SCR by the ASC, which exhibits a NH3 oxidation efficiency typically 

exceeding 90% [11]. Therefore, the NH3 levels studied are typical for peak concentrations over 

and downstream of the SCR catalyst during transients. Only the impacts of the SCR chemistry 

on particle formation are studied in these tests, due to the use of neat NH3. Preliminary tests 

were run to achieve this outlet concentration, where different upstream NH3 injection rates were 

induced until the desired downstream NH3 concentration was reached. After NH3 stabilization 

in the exhaust line, the particle size distribution was measured by sequentially sampling through 

the catalytic stripper and bypass branches, with at least three repetitions in each branch. The 

same procedure was repeated with the catalyzed DPF, including fuel post injection, to simulate 

typical conditions established during DPF active regeneration. These tests were repeated twice. 

 

4 Results and discussion 
 

4.1 Formation of particles by the SCR 

 

Figure 2 presents the solid particle number concentration measured by the PMP setup, both 

prior to and post NH3 injection, when the catalyzed DPF was installed in the exhaust line.  At 

low load (Figure 2a) the exhaust gas temperature at the SCR inlet was ~300°C, which is 

sufficient for the SCR catalyst to operate. Ammonia injection was initiated at around 200 s 

resulting to an almost instant reduction of NOx. The NOx conversion efficiency is in the order 

of 60-70%, hence rather low, probably due to the absence of an upstream oxidation catalyst. 

After approximately 150 s of NH3 injection (i.e. at 350 s), NH3 starts to escape the SCR catalyst. 

Before this point, any NH3 surplus that did not react with NOx was adsorbed on the catalyst 

surface. The mass of NH3 per unit of catalyst volume adsorbed by the SCR catalyst was 

approximately 200 mg/l. Ammonia appeared downstream of the SCR when the storage capacity 

of the catalyst was reached. A concurrent increase of the solid particle number along with a 

slight increase of the downstream NOx levels was observed. Downstream NH3 reached 25 ppm 

when the solid particle number started to increase. Thereafter, particle number increased 

together with NH3, until the 100 ppm level was reached. These particles are directly associated 

with NH3 injection, as the engine operation remained stable throughout the test. 

 

The SCR inlet temperature increased up to 420°C during high load operation (Figure 2b). 

Ammonia injection led to similar NOx reduction and downstream NH3 patterns with the low 

load tests, but with a shorter storage period due to the higher temperature. New particle 

formation started even before any NH3 is detected downstream of the catalyst, indicating that 

catalyst saturation is not a pre-requisite for particle formation at high exhaust temperatures. 

This early formation at high temperature was also observed in tests where NH3 injection was 

used to saturate the catalyst. In these tests particle concentration increased within 1 min of 

injection while constant downstream NH3 levels were only reached after 10 min. The findings 

in Figure 2 were repeated when the bare DPF instead of the catalyzed one was used. This further 
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confirms that the new particle formation is an SCR mechanism, independent of the DPF 

operation. 

 

Solid particle number reached 5×1011 #/kWh at high engine load with NH3 injection. This 

corresponds to some 3×1011 particles/km assuming a typical light duty diesel fuel consumption 

of 6 l/100km. The respective particle emission rate at low load was 1.25×1011 #/km, assuming 

a fuel consumption rate of 5 l/100km. These steady state engine operation levels are within the 

European particle number limit of 6×1011 #/km but not far from that. Transient events and 

different SCR catalyst characteristics may potentially lead to even higher particle numbers. 

Hence, NH3 overdose could also be linked to particle number limit exceedances in Europe. In 

the US, where no particle number limits exist yet, this could lead to unrecognizable high 

nanoparticle number emissions not effectively controlled by current mass emission standards. 

 

 
Figure 2: Solid (>23nm) particle number concentration measured at tailpipe conditions prior 

to and after NH3 injection at (a) low load, and (b) high load engine operation, with a catalyzed 

DPF upstream of the SCR. 

 

The particle size distribution measured from the catalytic stripper and bypass branches 

downstream of the catalyzed DPF is presented in Figure 3. Similar results were obtained with 

the bare DPF. Solid particles sampled from the catalytic stripper branch (Figure 3a) were 

distributed around a count median diameter (CMD) in the order of 20 nm, when no NH3 was 

injected. The size of these particles is smaller than typical CMDs of modern light duty diesel 

engines which are centered around 40-80 nm. The exact nature of these particles is unknown 

and they could consist of traces of soot escaping the DPF, metal oxides originating from the 

lubricant or the catalyst coating, as well as low volatility hydrocarbons that cannot be removed 

at 350°C. Their number - and in particular their mass - concentrations are extremely low. 
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The distribution was shifted towards slightly larger sizes when sampling through the bypass 

line with no thermal treatment (Figure 3b). The particle growth can be attributed to 

condensation of volatile components with existing solid particles. Regardless of the thermal 

treatment configuration and engine load, NH3 injection resulted to an increase of the particle 

number concentration while the CMD of the size distribution was not altered. 

 

 
 

Figure 3: Impact of NH3 injection on particle size distribution at normal engine operation 

measured with (a) the catalytic stripper and (b) no thermal treatment, with a catalyzed DPF 

upstream of the SCR. Particle concentrations refer to tailpipe. 

 

 

The overall impact of NH3 on particle number concentration for all configurations studied is 

shown in Figure 4a. The particle number concentration was increased for both engine loads and 

DPF configurations during NH3 injection.  It should be noted that the fraction of particles 

<23nm - which is not included in the PMP size range - was significant in all tests, corresponding 

to an average of approximately 50% of the total particle number concentration. 

 

The relative increase of solid >23nm particle number concentration during NH3 overdosing was 

generally higher than this of total <23nm particles (Figure 4b). The increase was in the range 

of 80-193%, with an overall average of 129% for solid >23nm particles, compared to an 

increase between 26-136% with an overall average of 67% for total <23nm particles. In other 

words, the SCR operation with 100ppm NH3 levels downstream of the SCR led on average to 

an almost twofold increase of the total particle number compared to no NH3 injection.  This 

means that NH3 overdose, which is occasionally needed to ensure high NOx conversion, or even 

events such as a malfunctioning SCR or an inefficient NH3 injection control strategy could lead 
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to particle formation inside the tailpipe when the SCR catalyst is not able to adsorb the excess 

NH3. 

 

The impact of bare and catalyzed DPF on the relative effect of excess NH3 on particles 

formation was rather limited. This indicates that the impact of other species, such as 

hydrocarbons or sulfur, which could be oxidized in the catalyzed DPF, is rather minor in this 

NH3 induced particle formation. 

 
 

Figure 4: (a) Solid >23nm (PMP) and total <23nm (SMPS-no thermal treatment) particle 

number concentration with and without NH3 injection and (b) the respective percentage 

increase with NH3 injection at high and low load engine operation for catalyzed and bare 

DPFs. 

 

 

In actual SCR implementations, an ASC follows the SCR catalyst, either as a new component 

or by proper zoning of the washcoat. The ASC would reduce tailpipe NH3 levels to below 

10 ppm, even when NH3 levels are at 100 ppm over the SCR catalyst. The ASC and the 

reduction of NH3 after the SCR are expected to have a limited effect on the particles formed.  

In our measurements, the particles formed by the SCR were able to penetrate the catalytic 

stripper, which is a very efficient oxidation catalyst kept at 250C. Therefore, in real world, 

such solid particles will be formed at tailpipe NH3 concentrations which are below the 

regulatory limits. The absence of number based limits in US makes the detection of such 

particles not possible by the existing regulations. 
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Particles formed over the SCR may constitute an aggravating problem as the lifetime of the 

vehicle increases. The SCR catalyst storage capacity in NH3 drops with time and mileage, which 

means that NH3 concentrations downstream of the SCR may only increase during the lifetime 

of the vehicle. To our knowledge, there is no requirement around the world to check and verify 

NH3 levels during the lifetime of the vehicle, in order to ensure long-term compliance with NH3 

limits. A possible increase in NH3 levels with time will also lead to a gradual increase in particle 

emissions. This trend cannot be controlled by the number-based emission control regulations 

which are in place in Europe only during type approval. In-use measurement of particle 

numbers is the only possibility to effectively control emissions of such particles. 
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Emissions from the transport sector and their impact on urban air 

quality, climate and health  

N. Moussiopoulos, G. Tsegas and E. Fragkou 

 

ABSTRACT 

The EU-funded MEGAPOLI project aimed to investigate the interactions among megacity 

emissions, air quality and climate. Within MEGAPOLI, the Laboratory of Heat Transfer and 

Environmental Engineering of the Aristotle University Thessaloniki (LHTEE) has led research 

on the multi-scale physical processes involved in the dispersion, transport and removal 

processes of pollutants at all scales, and on the description of the interaction between megacity 

air quality and meteorology. The EU-funded TRANSPHORM project focused on improving 

the knowledge of transport-related airborne particulate matter (PM) and its impact on human 

health. LHTEE has been involved in the assessment of urban concentrations and human 

exposure to air pollutants, through the application of multi-scale modelling systems. An 

integrated assessment methodology and a simplified methodology for the determination of an 

urban concentration increment on top of the regional scale background were developed.  

 

 

Επίδραση των κυκλοφοριακών εκπομπών στην αστική ποιότητα 

αέρα, στο κλίμα και στην υγεία 

Ν. Μουσιόπουλος, Γ. Τσέγας και Ε. Φράγκου 

 

ΠΕΡΙΛΗΨΗ 

Στόχος του προγράμματος MEGAPOLI ήταν η ανάλυση της αλληλεπίδρασης ανάμεσα σε 

μεγαλουπόλεις, ποιότητα αέρα και κλίμα. Στο πλαίσιο αυτού του προγράμματος, το 

Εργαστήριο Μετάδοσης Θερμότητας και Περιβαλλοντικής Μηχανικής  (ΕΜΘΠΜ) του 

Αριστοτελείου Πανεπιστημίου Θεσσαλονίκης διεξήγαγε έρευνα σχετικά με τις φυσικές 

διεργασίες διασποράς, μεταφοράς και εναπόθεσης ρύπων σε όλες τις κλίμακες, καθώς και με 

την ποσοτικοποίηση της αλληλεπίδρασης μεταξύ ποιότητας αέρα και μετεωρολογίας στις 

μεγαλουπόλεις που συμμετείχαν. Το πρόγραμμα TRANSPHORM είχε ως αντικείμενο τη 

μελέτη των αιωρούμενων σωματιδίων από κυκλοφοριακές εκπομπές και τις επιπτώσεις τους 

στην υγεία. Το ΕΜΘΠΜ ανέπτυξε μία ολοκληρωμένη μεθοδολογία εκτίμησης αστικών 

συγκεντρώσεων και έκθεσης σε αιωρούμενα σωματίδια, καθώς και μία μεθοδολογία 

προσδιορισμού της προσαύξησης αστικών συγκεντρώσεων στις συγκεντρώσεις περιφερειακού 

υποβάθρου. 
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1 Introduction 
 

The transport sector is a significant contributor to both urban air pollution and greenhouse gas 

(GHG) emissions. As reported in the 2012 EU emission inventory [1], the road transport sector 

represents the largest NOx emission source, accounting for 39% of total emissions in 2012. For 

the same year, road and non-road transport are responsible for 17% of total PM2.5 emissions, 

15% of PM10 emissions and 25% of CO emissions. All the above pollutants have been 

associated by many studies to a number of health problems [2, 3]. Therefore, transport is 

recognized by policy makers as a risk to human health, particularly in urban areas where traffic 

loads are high.  

 

Climate change is attributed by scientists to increasing levels of CO2 and other GHG in the 

atmosphere as a result of anthropogenic activities [4]. Transport is an anthropogenic activity 

significantly contributing to GHG emissions. According to the latest EU GHG inventory [5], 

CO2 emissions from this source category account for 21% of total EU-15 emissions for 2012. 

Between 1990 and 2012, the EU-15 CO2 emissions due to fossil fuel consumption in road 

transport increased by 11%. However, it is worth noting a 4% decrease in CO2 emissions from 

road transportation between 2011 and 2012, a trend possibly related also to reductions in 

passenger and freight transportation in the Member States that experienced persisting economic 

downturn or recession such as Italy, Spain and Greece. 

 

The identification of the transport sector as a common driver for both air pollution and climate 

change has led to research efforts to tackle these two environmental issues in an integrated 

approach. In support to this effort, a number of EU scientific projects, such as MEGAPOLI and 

TRANSPHORM, have focused on: 

 the improved understanding of relevant physical and chemical processes at all scales 

 the identification and quantification of emission sources  

 the development of detailed emission inventories in megacities in Europe 

 the accurate quantification of pollutant concentrations and the description of concentra-

tion distribution patterns as a result of meteorological conditions 

 the development of exposure maps and improved exposure-response functions 

 the development, application and evaluation of integrated tools and methodologies. 

 

The present paper deals with the main results of these research efforts on the interactions 

between megacity air quality and climate leading to health and environmental problems. 

 

2 Multi-scale processes affecting megacity air quality and climate  

 

Megacities are important sources of air pollutants, with large impacts on air quality and climate. 

However, the feedback mechanisms among megacity air pollution and climate features have 

not been comprehensively explained. The MEGAPOLI project “Megacities: Emissions, urban, 

regional and Global Atmospheric POLlution and climate effects, and Integrated tools for 

assessment and mitigation” [URL1] aimed to investigate interactions among megacities, air 

quality and weather conditions at all spatial and temporal scales, connecting the latter with 

global atmospheric chemistry and climate. For this purpose, integrated systems of meso-

meteorological and chemical transport models were applied and reviewed [6]. An important 

finding of the MEGAPOLI project was that megacity emissions account for around 12% of 

global anthropogenic CO2, emissions, 7% of the methane and 4% of the nitrous oxide. In 

addition, pollutant emissions from megacities impact the chemical composition of the 

atmosphere, which in turn influences climate through radiative transfer and effects on clouds 
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and the hydrological cycle. On the other hand, climate change forcings influence regional and 

local meteorological features which in turn control the distribution of pollutant concentrations 

in megacities.   

 

2.1 Megacity contribution to global warming 

 

Emissions of pollutants and aerosols from anthropogenic activities in megacities, such as 

transport, are expected to influence climate in the surrounding environment and possibly in 

remote regions via long range transport. The pollutants examined are mainly aerosols, NOx and 

VOC. The latest two are precursors of ozone, which is a GHG and is also linked to a number 

of health and environmental problems. The impact of NOx and VOC on climate can either be a 

warming (through ozone formation and an increase in the methane lifetime) or cooling (through 

formation of excess OH and a reduction in the methane lifetime). The sign and intensity of the 

impact is determined by the NOx/VOC ratio and is therefore subject to spatial and temporal 

variability. Anthropogenic aerosol emissions include sulphate, black carbon and organic 

particulate matter. Sulphate aerosols and, in a lesser degree, organic particles, backscatter solar 

radiation in the short-wave range and, thus, have a cooling effect on the atmosphere. Black 

carbon aerosols consisting mostly of soot efficiently absorb long-wave radiation emitted from 

the Earth’s surface and thus have a warming effect. Simulations performed within the 

MEGAPOLI project have led to calculations of Direct Radiative Forcing (DRF) from megacity 

aerosols and ozone, based on 2005 emission data. In terms of ozone, it was found that 2.5 Tg 

of additional tropospheric ozone originating from precursor emissions in megacities translates 

into a positive radiative forcing of +6.3±0.4 mW/m2 on a global annual average basis. The 

combined radiative forcing considering also the aerosol emissions from megacities was found, 

however, to lead to a slight cooling effect at present-day conditions. This effect can be explained 

on the basis of a negative DRF of -8.0±1.6 mW/m2 due to the dominance of the aerosol 

backscattering over the positive forcing induced by the increase in tropospheric ozone and 

additional long-wave radiation absorption by black carbon aerosol. The most significant 

contribution in radiative forcing was represented by the all-sky (i.e. including direct cloud 

effects) short-wave top-of-atmosphere radiative forcing from aerosols, mostly sulphate, 

accounting for -15.0 mW/m2. Long-wave radiative forcing by black carbon aerosols 

demonstrated a small positive DRF of +2.0±0.1 mW/m2. 

 

GHG emissions from megacities were reported in MEGAPOLI deliverables to cause a positive 

radiative forcing. Direct emissions of CO2, CH4 and N2O from megacities were found to 

produce a DRF of +120.0 mW/m2, +28.4 mW/m2 and 3.3 mW/m2, respectively. Compared to 

the effect of air pollutant emissions, GHG emissions from megacities induced a significantly 

higher contribution to radiative forcing which was of a positive sign. The effect of this positive 

radiation forcing to global climate change was then calculated on the basis of temperature 

change using a simple analytical model described in Boucher and Reddy [7]. As expected, the 

carbon dioxide emissions were found to dominate the climate change impact from megacities. 

Under a constant emission scenario, the model simulations here have shown that megacities 

would be responsible for over 0.2 K of warming at a global scale over the next 100 years. 

Around 90% of this warming would be due to CO2, with most of the rest due to methane. 

Methane emissions were demonstrated to have a larger impact in the shorter term, suggesting 

that control of methane megacity emissions could be important for short-term mitigation of 

climate. Nitrous oxide emissions from megacities were shown to have a very small effect on 

global climate, mainly because a much larger proportion of the anthropogenic N2O emissions 

result from sources not associated with cities, such as from the agricultural sector.  
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2.2 Interactions between megacity air quality and regional meteorology 

 

The role of meteorological parameters in urban air pollution levels has been examined in many 

studies [8] and research projects, such as FUMAPEX [9] and the COST-715 Action [10]. Online 

coupled meteorology-atmospheric chemistry models have recently emerged as useful tools for 

air quality, weather prediction and climate studies, as they can consider not only the effects of 

meteorology on air quality, but also the potentially important effects of atmospheric 

composition on weather [11]. Focusing on the development and application of online integrated 

meteorology-atmospheric chemistry modelling tools, the COST–ES1004 Action aimed to study 

the two-way interactions between different atmospheric processes including chemistry, 

radiation, boundary layer, emissions, meteorology and climate [12]. 

 

With regard to urban air quality management, the meteorological conditions favouring the 

development of episodes are of particular importance. Air pollution episodes are characterized 

by air pollutant levels exceeding a threshold value, which is often the legislated limit value set 

by the European Directive on ambient air quality (2008/50/EC) or a national alarm threshold. 

Urban air pollution episodes result in a large number of citizens being exposed to particularly 

high pollutant levels and are therefore associated with detrimental health impacts. Along with 

emissions, meteorological conditions are the most important factor influencing the 

development, intensity and duration of pollutant episodes. Wind velocity, temperature, 

atmospheric stability and precipitation are the main controlling parameters of pollutant 

dispersion, transformation and deposition. Episodes can also be influenced by the interaction 

of meteorological phenomena at different scales, e.g. the mesoscale circulations can perturb the 

synoptic conditions [13]. Within the MEGAPOLI project, urban pollution episodes were 

analysed using data from measurement campaigns and modelling results and classified in 

relation to meteorology, based on case studies of selected European cities. The characteristics 

of each pollutant were taken into account and two classifications were produced for episodes 

resulting from local and regional emissions. Low wind speeds and stable atmospheric 

stratification emerged as the key meteorological factors leading to air pollution episodes at the 

local scale, over the whole of Europe. Particulate matter (e.g. PM10) and nitrogen oxides (NO2) 

are the most important pollutants associated with local pollution episodes. In Southern and 

Central Europe, temperature and radiation levels influence the formation of photochemical 

pollution episodes, commonly occurring during spring and summer. The larger scale episodes 

mainly involve photochemical pollution caused by long range transported air masses as a result 

of regional scale meteorological patterns. 

 

Megacity pollution, particularly aerosol emissions, affects meteorology at the urban and 

regional scales. Within MEGAPOLI, an on-line version of the Eulerian MEMO/MARS-aero 

modelling system was applied to examine effects of the direct aerosol effect on meteorology 

[14]. The simulations revealed that the radiative forcing due to the direct effect has a substantial 

impact on certain meteorological variables and the development of a lower inversion layer. The 

Enviro-HIRLAM model was used to investigate aerosol indirect effects on meteorology. By 

comparing model runs with and without the indirect effects, a monthly averaged signal in 

surface temperature of about 0.5 K was detected at specific locations of the modelling domain. 

On individual days the maximum and minimum changes were up to 5 K. As surface temperature 

is controlled by the surface radiation balance and sensible and latent heat fluxes, the indirect 

effects led to temperature changes by causing stronger convection and heavier precipitation in 

some places and suppression of precipitation in other places. Changes in average cloud 

reflectivity and latent heat fluxes due to modification of cloud lifetime and precipitation induced 

further modifications in surface temperature.  
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2.3 Regional climatic downscaling for urban air quality management 

 

Climate at larger scales controls meteorological patterns which influence pollutant dispersion 

and transportation processes. Global Climate Models can provide reliable information on 

climate forcings on scales of a few hundreds to thousands of kilometres. Such scales are not 

able to resolve effects related to urban-scale anthropogenic emissions, traffic patterns and local 

meteorological features. Vital information on the occurrence of climate extremes and their 

spatial variations can be better resolved in the regional scale, providing predictions which are 

useful for the support of decision making in the context of Climate Change.  

 

The World Meteorological Organization (WMO), under the auspices of the World Climate 

Research Program (WCRP) established in 2009 the Task Force for Regional Climate 

Downscaling which in turn has created the CORDEX initiative [15] to generate regional climate 

change projections for all terrestrial regions. For the European domain, the efforts are co-

ordinated under the Euro-CORDEX initiative in inter-comparing model skills. Euro-CORDEX 

results also provided the information necessary to support adaptation actions and contributed 

to the development of national and international policy response, in view of the future climate 

change projected under the IPCC AR5 emission scenarios. In the framework of Euro-

CORDEX, the analysis performed by the Laboratory of Heat Transfer and Environmental 

Engineering of the Aristotle University Thessaloniki (LHTEE) focused on the regional climate 

  

 
Figure 1: Average ground temperature (o C) for 1990 calculated using the WRF model at a 

spatial resolution of 0.11 degrees (left) compared against E-OBS data at a spatial resolution of 

0.25 degrees (right). 
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results for South East Europe (SEE) [16]. Its aims included the comparison of dynamical 

downscaling results against various observational and reanalysis data sets to evaluate model 

performance, as well as the study of regional climate change as simulated by modelling groups 

under the IPCC AR5 emission scenarios. In the first stage of the project, control runs using the 

WRF model at a spatial resolution of 0.11 degrees were performed for the time period of 1989-

2008. Results of the control run for Greece show a negative bias of 1 to 2 degrees for average 

surface temperature, compared to the E-OBS data in mainland and mountainous Greece, while 

a small positive bias appears over parts of southern Greece and Crete (Figure 1). Due to the 

disparity between the spatial resolution of model results and observed data, these are not 

directly comparable and analysis is currently focusing on the comparison of model results 

against interpolated datasets from the station network of the Hellenic National Meteorological 

Service. In Euro-CORDEX, medium-term precipitation changes and impacts on agriculture as 

well as changing climate dynamics and potential impacts on the conditions favouring 

transboundary air pollution and air pollution episodes, were also assessed [17]. 

 

3 Integrated Assessment of traffic induced health impacts 
 

Pollutant concentrations are primarily correlated to emissions. Therefore, the accurate high-

resolution information on emissions and the quantification of the contribution of different 

emission sources are necessary for the formulation of successful pollution mitigation strategies. 

As the main aim of urban air quality management is the improvement of health and well-being 

of citizens, it is important that the suggested measures are evaluated not only in terms of 

pollutant concentration reductions, but also with regard to the quantified reduction of health 

impacts. For this purpose, an Integrated Assessment approach is the most suitable scientific 

methodology, where state-of-the-art modelling tools are applied to quantify all the components 

forming the causal chain leading to the health impacts, i.e. Drivers-Pressures-State-Impacts, 

and to assess the efficiency of Responses (DPSIR causal framework). In view of this need, the 

EU-funded project TRANSPHORM, “Transport related Air Pollution and Health impacts - 

Integrated Methodologies for Assessing Particulate Matter” [URL2] aimed to provide advanced 

knowledge on the impact of transport emissions on human health in Europe. TRANSPHORM 

objectives included: the development of detailed and accurate current and future transport 

emission inventories for selected EU cities; the quantification of exposure to traffic-related 

atmospheric pollutants (especially particulate matter) in urban environments; the improvement 

in exposure-response functions for assessing the impact of pollution on health; and the 

development and testing of integrated assessment tools for investigating the entire process chain 

in certain cities and Europe as a whole. 

 

3.1 Improved transport emissions inventory 

 

One of the main TRANSPHORM deliverables was a state-of-the-art emission inventory for the 

EU-wide transport activities. Apart from the standard pollutants (NOx, SO2, NMVOC, CH4, 

NH3, CO, PM10, PM2.5), the emission baseline scenario for 2005 and the future emission 

projections for 2020 and 2030 also include speciated particulate matter (elemental carbon -EC, 

B[a]P) and particle number concentrations. The emissions by substance are provided at the 

SNAP 97 (Selected Nomenclature of Air Pollutants) 1st level, including apart from road 

transport additional subSNAP sectors that address the various modes of transport. Activities 

such as the landing and take-off cycles of aircrafts and ground service airport equipment, 

manoeuvring of ships in ports and engine operation at berth, are also covered. 
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A bottom-up approach was used for the development of the TRANSPHORM emission 

inventory, in order to improve accuracy. The calculation of EU-wide transport emissions from 

all relevant sources was performed by mapping activity rates to corresponding improved 

emission factors developed as part of the project deliverables. The majority of activities were 

based on TREMOVE [18], apart from aviation activities that were derived from the 

EUROCONTROL database [19]. An important feature of the inventory is that urban and non-

urban activities and emissions are distinguished. This is essential information for management 

purposes and was also necessary for the spatial distribution of the inventory allocating 

emissions to grid cells. The road transport sector accounts for 7% and 10% of the total PM10 

and PM2.5 emissions, respectively. Future emission projections were calculated following 

current in-place policies and the relevant databases were developed to serve as the basis for 

future pollutant concentration estimations. For the non-transport sectors, emission scenarios 

from the MEGAPOLI project [20] and from the International Institute for Applied Systems 

Analysis (IIASA) GAINS model [21] were used. For several health relevant pollutants, such as 

PM2.5, emission reductions from 2005 to 2020 and beyond are expected in the range of 20-30%.  

 

3.2 Estimation of concentration and exposure levels 

 

Accurate emission databases are a prerequisite for calculating pollutant concentration and 

exposure levels. Given the large fraction of the population living in cities, such calculations 

have to be performed at a high resolution with the use of computational methods. National and 

local authorities are in need of simple, low-resource tools that can provide air quality 

management relevant information. In this direction, a simple methodology was developed 

aiming at the determination of urban concentration increments on top of the regional scale 

background for urban areas in the entire European region. The method operates by establishing 

a functional relationship between the concentration increment and the local meteorological 

situation, the city morphology, the urban emissions and background concentrations [22]. This 

can then be applied on arbitrary urban areas in Europe. As a result, this simple methodology 

provides the means to perform fast but still reliable estimations of urban air quality that can 

then be used in calculations of exposure or health impact assessment. The calculation was 

validated by applying the piecewise functional relationship to a set of urban areas around 

Europe, for a set of time periods. Figures 2 and 3 depict the urban concentration increments, as 

obtained using the functional relationships (diamonds) in comparison to those directly 

calculated from measurements (bars).  

 

This methodology was applied in the framework of the TRANSPHORM project as key part of 

the improvements in the methodology of assessing health impacts. 

 

3.3 Interaction between pollution and climate for future transport scenarios 

 

In order to incorporate the effect of climate change in the calculation of pollutant concentration 

and exposure indices for health impact assessment and analysis of policy scenarios, the 

TRANSPHORM project has built upon results from relevant projects, such as MEGAPOLI, 

CITYZEN, PEGASOS and EnsCLIMA. Results from these projects were integrated to provide 

quantified information on the effects of climate change on the policy measures designed for 

reducing the health effects of transport emissions, as described below. In addition, the inter-

action between climate change and future pollutant concentration levels in Europe was exam-

ined and quantified within TRANSPHORM activities. For this purpose, simulations were 

performed using the regional WRF-CMAQ modelling system, driven by the global climate 

model HadGEM2 for one summer month for the base year 2000 and for the future year 2050. 
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Figure 2: Urban increments in μg/m3 for NO2 in calibration and validation urban areas (to the 

left and right of the dashed line, respectively). Diamonds indicate urban concentrations 

predicted by the urban increment methodology. 
 

 
Figure 3: As Figure 2 but for PM10. 

 

Climate change effects on meteorological variables such as temperature, humidity, wind speed 

and planetary boundary layer (PBL) heights were simulated for the future year 2050 based on 

the IPCC SRES A1B scenario. The main findings included a monthly mean air temperature 

increase for July by about 2.7 K over the whole European domain, an increase in surface 

specific humidity by 1.5 g/kg over most of Europe, increased 10 m wind speeds and a more 

stable atmosphere for southern Europe by 2050. These meteorological fields were then used as 

input in regional scale simulations to calculate future PM2.5 and PM10 concentrations over 

Europe. The concentrations predicted from these simulations were compared with 

concentrations for current climate conditions, using the same anthropogenic emissions. The 

results indicated that the predicted climate change could cause increased ground-level PM2.5 

and PM10 concentrations over Southern and Eastern Europe, and reduced ground-level PM2.5 

and PM10 concentrations over the northern parts of the domain. 
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Future anthropogenic emission projections for 2050 for a moderate climate policy regime were 

provided by the MEGAPOLI project [23, 20]. This future emissions scenario assumes the 

adoption of efficient technologies and increased renewable energy usage, leading to reductions 

in most air pollutant emissions (~20% reduction in PM2.5 and PM10 emissions) by 2050. The 

extent to which reduced anthropogenic emissions can compensate for the effects of climate 

change in respect to pollutant concentration increases was simulated. As a result of the 

considered emission reductions, ground-level averaged PM2.5 and PM10 concentrations over the 

whole of the European domain were reduced by 33% and 4%, respectively in 2050 compared 

to the base year. As a useful tool for national policy makers, an emission control index 

correlating future temperature and emission changes at a country level has been developed. A 

map was produced for the whole European area, based on the results of the emission control 

index for each country (Figure 4). The countries coded with pink/red colour in the map would 

need to strengthen their emission controls. 

 

 

 

Figure 4: Emission control index for PM10 (left) and PM2.5 (right). 

 

3.4 Health Impact Assessment – the Rotterdam case study 

 

TRANSPHORM aimed at producing detailed emission inventories, improved models and tools 

for concentration and exposure estimation and improved concentration-response functions 

(CRFs) based on the latest epidemiological results, in order to apply an integrated methodology 

for the assessment of transport pollution related health impacts. The integrated assessment 

methodology considered the full chain from emissions to health impacts and was tested for the 

city of Rotterdam. Health impacts were calculated based on selected indicators for the baseline 

and two future emission scenarios, in order to evaluate the efficiency of different mitigation 

strategies. A number of health outcomes were examined and CRFs were produced for 

pregnancy outcomes and childhood diseases, adult respiratory and cardiovascular disease, adult 

mortality and cancer incident. All-cause mortality due to transport–related PM10, PM2.5 and EC 

exposure was also assessed. Baseline pollutant levels were obtained using the improved 

transport emission database developed within the project for the year 2008. Future pollutant 

levels for 2020 were calculated under a ‘business-as-usual’ (BAU) emissions scenario, 

considering the impacts of EU regulation and a moderate economic development in the coming 

years. In an additional ‘extra measures’ scenario, the impact on air quality in 2020 was 

computed assuming a 50% shift of the urban road traffic to electrified vehicles. The policies 

introduced between 2008 and 2020 showed similar results with significant PM10 concentration 

reductions in Rotterdam, to the extent that the largest concentrations in 2020 coincided with the 

lowest in 2008.  
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The mortality burdens related to the PM10 concentrations predicted under the baseline and the 

two future emission scenarios were calculated. Based on these calculations, an excess of 

mortality equivalent to 525 attributable deaths was obtained for Rotterdam as a result of 2008 

pollutant levels, which was associated with a total loss of life expectancy of 5,267 years (i.e. 

around 10 years per death). As a result of reduced pollutant concentrations imposed by both 

future emission reductions, the excess of mortality has reduced by more than 15%. As the 

decrease in PM2.5 concentrations due to future emission reduction policies was close to that of 

PM10, but with a considerably larger Relative Risk (RR) coefficient, the predicted PM2.5 health 

gains in terms of reduced mortality burden between 2008 and 2020 were almost 40% higher 

than those calculated for PM10. 

 

4 Conclusions 
 

The transport sector is identified as a common driver for both air pollution and climate change. 

In this context, a number of research efforts such as the MEGAPOLI and TRANSPHORM 

projects have focused on addressing these two environmental issues in an integrated approach. 

In MEGAPOLI, tools have been developed to bridge the spatial and temporal scales that 

connect local emissions, air quality and weather with global atmospheric chemistry. 

TRANSPHORM has suggested an integrated methodology for studying the effect of transport-

related emissions and climate effects on population exposure and human health. As part of this 

methodology, a novel tool for determining urban concentration increments was developed and 

applied for studying exposure patterns at the urban scale. For the determination of local-scale 

climate change impacts, coordinated efforts to develop and assess downscaling methodologies 

have been undertaken, including the Euro-CORDEX initiative. The developed resources, 

including simplified computational tools, can be useful for supporting regional and national 

authorities for air quality management and climate change policies. 
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ABSTRACT 

The current study aims at identifying the actual emissions levels of late light duty vehicle 

technologies, including Euro 5 and Euro 6 ones. Mean NOx emission factor levels used in the 

most popular EU vehicle emission models (COPERT, HBEFA and VERSIT+) are compared 

with latest emission information collected in the laboratory over real-world driving cycles and 

on the road using portable emissions measurement systems (PEMS).  

 

Οι επιπτώσεις της αποτυχίας περιορισμού των εκπομπών 

κινητήρων ντίζελ στους συντελεστές εκπομπής και την εκτίμηση 

των NOx από τις οδικές μεταφορές 

Λ. Ντζιαχρήστος, Γ. Παπαδημητρίουa,  N. Ligterinkb και S. Hausbergerc 

a  Emisia Α.Ε., Αντώνη Τρίτση 21, Θεσσαλονίκη 

b TNO, STL Group, Delft, Ολλανδία 

c Ινστιτούτο Μηχανών Εσωτερικής Καύσης και Θερμοδυναμικής, Πανεπιστήμιο Τεχνολογίας 

του Graz, Inffeldgasse 21A, Graz, Aυστρία 

 

ΠΕΡΙΛΗΨΗ 

Η παρούσα μελέτη στοχεύει στον εντοπισμό των πραγματικών επιπέδων εκπομπών των 

πρόσφατων τεχνολογιών όσον αφορά σε ελαφριά επαγγελματικά οχήματα, 

συμπεριλαμβανομένων των κατηγοριών Euro 5 και Euro 6. Σε αυτό το πλαίσιο, τα μέσα 

επίπεδα συντελεστών εκπομπής για τα NOx που χρησιμοποιούνται στα πιο δημοφιλή μοντέλα 

εκπομπών εντός ΕΕ (COPERT, HBEFA και VERSIT +) συγκρίνονται με πρόσφατες 

πληροφορίες εκπομπών που συλλέγονται στο εργαστήριο χρησιμοποιώντας ρεαλιστικούς 

κύκλους οδήγησης, καθώς και στο δρόμο με τη χρήση φορητών συστημάτων μέτρησης 

εκπομπών (PEMS).  
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1 Introduction 
 

Nitrogen oxides (NOx) emission limits for diesel light duty vehicles (LDVs) in the European 

Union (EU) have dropped significantly since the first introduction of Euro standards in 1992. 

In the last 15 years alone, emission limits from 0.5 g NOx/km at Euro 3 level (Year 2000) 

dropped to 0.08 g NOx/km at Euro 6 level (Year 2015) for passenger cars (PCs). However, the 

type-approval driving pattern, specifically the New European Driving Cycle (NEDC), has since 

long been criticized in being unrepresentative of real-world conditions, involving only gentle 

accelerations, long constant speed modes, and a rather low maximum speed [1]. Tests over the 

NEDC have for long been known to result to emission levels that significantly deviate from 

typical real-world levels [2]. 

 

Recent research evidence in the US [3] and the follow up investigation in different countries 

[4-6] revealed that specific diesel passenger cars implemented software and hardware means to 

actively modify their emissions control strategy under type-approval testing conditions [7]. A 

type-approval test can be recognized by the vehicle in many ways. For example, the vehicle is 

preconditioned with a repeatable driving pattern while no wheel steering is involved for a long 

time. The strictly specified environmental conditions during vehicle soaking and testing also 

provide a narrow range of boundary conditions relevant to type-approval testing. Such 

indications could and have been used to trigger an alternative emissions control strategy. 

Basically, any minor variation of the test protocol yielding a large increase in NOx emission 

can be construed as a form of inappropriate test optimization. Typically, outside of type-

approval operation and environmental condition ranges, the EGR rates are reduced and, in SCR 

systems, urea solution delivery decreases or ceases. In case of LNT systems, it is the 

regeneration frequency that significantly drops. These actions, often defended as measures for 

engine protection, usually result in increased NOx but lower fuel consumption, CO2 and 

possibly also lower HC and CO emissions. 

 

In the EU, regulatory initiatives try to close such loopholes. The World harmonized Light duty 

Test Procedure (WLTP) is scheduled to replace NEDC and to bring all testing parameters closer 

to reality. Most importantly, Real Drive Emissions (RDE) testing has to be conducted to grant 

an emissions type-approval. Euro 6 RDE-approved vehicles will need to comply with emission 

limits with a conformity factor when tested on the road using portable emissions measurement 

systems (PEMS). 

 

The revelations on diesel NOx emission control failures increased concerns on the evolution of 

air-quality in EU cities. The European Environment Agency estimates that 8-27% of EU 

population is exposed to NO2 levels above limit values [8]. Scenarios executed in the 

framework of the revision of the Thematic Strategy on Air Pollution [9] showed that potential 

failure of the Euro 6 standard to deliver real world emissions reductions would lead to persisting 

NO2 exceedances in major EU cities in the years to come. Moreover, National Emissions 

Ceilings of NOx were exceeded by 11 member states in EU in 2010 with the target still being 

exceeded by six of them in 2013. In the relevant study of the European Environment Agency 

[10], the road transport sector was identified as one of the main contributing factors for the large 

number of NOx exceedances. 

 

Comprehensive emissions models are used primary to calculate emissions in air quality studies, 

and in the framework of integrated assessment studies for target-setting and monitor progress 

towards legally binding ceilings. Models deliver the emission factors (EFs) and the 

methodology required to estimate total emissions at a fleet level. The most widespread models 
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in the EU include COPERT [11], HBEFA [12] and VERSIT+ [13]. Emission factors in these 

models are being developed and discussed within the ERMES group, which operates under the 

auspices of the Joint Research Centre of the European Commission. These EFs originate from 

practically the same vehicle measurements dataset but their formulation differs. COPERT uses 

the average travelling speed as an input parameter, HBEFA uses traffic conditions distinguished 

per road typology and level of service, while VERSIT+ uses both speed and mean positive 

acceleration classes to assign appropriate EFs. Because of the same original data sources, EFs 

are broadly consistent between the different models, with any deviations occurring due to 

variability in the frequency of model updates, the exact formulation of EFs in each model and 

the variance in operation conditions in case models are used in different national conditions. 

 

The compromised emission control of diesel vehicles may have significant impacts on the EFs 

used in these models and, in turn, to the monitoring and reporting approaches of the member 

states. This study first examines the short-term impacts of the failed diesel emissions control 

on road vehicle emissions factors. Second, it estimates the longer-term implications to road 

transport emissions, depending on the effectiveness of upcoming emission standards. The 

results of the study aim to inform model and EF users on the uncertainty of current EFs and, 

also, the research and policy community on the implications to road emissions evolution of 

continuous failures to deliver actual emissions reductions on the road. 

 

2 Methodology 

 

2.1 Validation of current EFs 

 

The primary objective of this study to identify whether currently used EFs of popular emission 

models adequately reflect reality. Emission factors of latest vehicle technologies (Euro 6) in 

existing models often come from approximations and engineering assessment on the basis of 

previous technology steps. This is because it takes time to collect a representative sample, 

measure and process information to develop EFs, while there is the immediate need to report 

emissions from such vehicles as soon as they become commercially available. In order to check 

the representativity of EFs, we collated test data from recently published studies and latest 

measurements conducted at the authors’ research facilities. The collated information was not 

used to produce new EFs, as this requires more time, but was used to compare against average 

current EF levels. The new dataset formed differs from the data that has gone into developing 

the currently used EFs, hence this allows for a proper validation. 

 

Sources that have been used in the data collation process included published work conducted 

by TNO [14-17], JRC [18] and in-house data from the Lab of Applied Thermodynamics (LAT) 

on emission levels of Euro 5 and Euro 6 vehicles measured on the road with PEMS. Also, 

Common Artemis Driving Cycles (CADC) [19] and ERMES cycle measurements conducted in 

the labs of Dekra and Horiba, as well as LAT and the Technical University of Graz have been 

used. CADC do not follow type-approval protocols and settings and for this reason they are 

often referred to as ‘real-world’ cycles [1]. In the collated dataset, all lab tests have been 

conducted at room temperatures between 20-28ºC while the majority of PEMS tests was 

conducted over a broader range of 3-25ºC, with only three tests partly reaching as low as -1ºC. 

 

An overview of the data collected from each source is shown in Table 1. In total, the vehicle 

sample collected contained 22 Euro 5 PCs and 14 LCV ones. These correspond to more than 

300 individual tests for Euro 5 diesel PCs and light commercial vehicles (LCVs) both in the lab  
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Table 1: Overview of data collated for NOx EFs validation. All tests conducted with an engine 

starting from normal operation temperature (hot-start). Most NEDC and WLTC conducted with 

realistic road load hence measured emission levels do not correspond to type-approval 

conditions. 

Source 
Lab/ 

PEMS 
Vehicle Info Cycle/Phase 

Number 

of tests 

LAT 

Lab 

PC (M1) 
1248cc, Euro 5 

1686cc, Euro 5 

NEDC, WLTC, 

CADC, ERMES 

56 

34 

LCV 

(N1/I) 
1248cc, Euro 5 NEDC, WLTC 16 

PEMS PC (M1) 

1968cc, Euro 5 

1995cc, Euro 5 

1968 cc, Euro 6 

Urban, Rural, 

Motorway 

3 

7 

12 

TUG Lab PC (M1) 1995cc, Euro 5 NEDC, WLTC 24 

Dekra Lab 

PC (M1) 

LCV 

(N1/III) 

2967cc, Euro 5 

1968cc, Euro 5 

NEDC, WLTC, 

CADC, ERMES 

34 

52 

Horiba Lab 
LCV 

(N1/III) 
2143cc, Euro 5 

NEDC, WLTC, 

ERMES 
24 

[14] Lab PC (M1) 
Average of 11 vehicles, 1000 

to >2000cc, Euro 5 

CADC, Urban, 

Rural, Motorway 
~90 

[18] Lab PC (M1) 
Average of 6 vehicles, 1200 

to 2000cc, Euro 5 
CADC, WMTC 12 

[14] 

Lab PC (M1) 
16 vehicles, 1500 to >2000cc, 

Euro 6 

NEDC, WLTC, 

CADC 
80 

PEMS PC (M1) 
2 vehicles, 1750 to 2000cc, 

Euro 6 

Constant speed, 

Urban, Rural, 

Motorway 

31 

[15] 

Lab 
LCV 

(N1/III) 
1 vehicle, 2100cc, Euro 5 

NEDC, WLTC, 

CADC 
8 

PEMS 
LCV 

(N1/III) 

Average of 10 vehicles, 1600 

to 2300cc, Euro 5 

City, Reference, 

Constant speed 
60 

 

and on the road using PEMS. All tests, either in the lab or on road have been conducted with 

an engine starting from a normal operation temperature (hot-start). In case of Euro 6 PCs, the 

sample consisted of 17 vehicles. Although this may sound as an adequate number, more tests 

will be required in the future before precise EFs are derived, in order to reflect the versatility in 

emission control technologies used in the Euro 6 step, the impact of the RDE regulation and in 

order to be able to reflect the impact of ambient conditions on emissions control effectiveness. 

 

The collection of test values over different driving conditions allowed to compare with EFs 

distinguished into urban, rural, and highway driving. This is important, as the effectiveness of 

emission control may vary depending on the portion of the engine map utilized and the mean 

exhaust gas temperature in each condition. PEMS data were distinguished per mode (urban, 

rural, highway) and speed, and these were used to group PEMS data, EFs and driving cycles in 

the following categories:  

 

 PEMS urban – Cycles and mean EFs with mean speed < 40 km/h, 

 PEMS rural – Cycles and mean EFs with mean speed 40-80 km/h, 

 PEMS highway – Cycles and mean EFs with mean speed > 80 km/h. 
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In terms of lab measurements, the driving cycles were allocated to the different driving modes 

according to their average speed. For example, the NEDC cycle has an average speed of 33.6 

km/h and is dominated by its urban part, with an average speed of 18 km/h. Hence, measured 

levels over the NEDC fall in the urban mode, as distinguished above, even if the NEDC includes 

a highway part. On the other hand, if measurements over the extra-urban part (EUDC – 62.6 

km/h) were separately available, these would show under ‘rural’ driving. Finally, highway 

mode values from the regulated cycles only come from subsections of the WLTC. 

 

For the comparison with recently measured emission levels, COPERT EFs were selected to be 

used because they can be expressed as a function of average speed and could be readily 

allocated to the speed classes distinguished. COPERT and HBEFA EFs mean EF levels are 

perfectly consistent to each other, while VERSIT+ latest update already includes EFs derived 

from TNO PEMS data measurements. It should be clarified, that the EFs presented in this study 

are considered representative of the emission levels used for the corresponding vehicle 

categories in the majority of national or international inventorying, assessment, projection, and 

target setting studies conducted in EU so far. Hence, the validation conducted in this paper 

reflects on results and conclusions for studies that have used any of the three models in the past. 

 

While detailed data were collected within the ERMES group, new measurements came in light 

from national projects in France, Germany and the UK on a variety of Euro 5 and Euro 6 cars. 

The number and type of vehicles measured in these studies are summarized in Table 2. We have 

used these results to cross-validate our findings in this paper, however these have not been used 

in the primary analysis as the exact details, conditions of testing, and split into urban, rural and 

highway driving were not known to us. 

 

Table 1: Overview of vehicles and measurements in national studies. 

Study Euro 

5 PC 

Euro 6 

PC 

Euro 

5 LCV 

Tests and conditions of testing 

France 

[6] 

24 23 4 (1) Chassis dynamometer with modified type-approval 

procedure but same driving profile, and (2) with modified 

driving profile, and (3) type approval driving profile on a test 

track (unknown engine condition). 

Germany 

[4] 

18 30 5 Chassis dynamometer (1) according to type approval, (2) 

same driving profile with a warm start, (3) same driving 

profile at 10ºC ambient temperature; Test track with hot 

engine and (4) type approval driving profile, (5) reverse 

urban- extra urban profile, (6) driving profile +10% speed, 

(7) driving profile -10% speed; (8) On-road following RDE 

specifications.  

UK 

[5] 

19 19 0 Chassis dynamometer (1) according to type approval, (2) 

same driving profile with a warm start, (3) repeating the 

same driving profile with warm start, (4) reverse urban- extra 

urban profile, (5) driving profile +10% speed; (6) Test track 

with hot engine and type approval driving profile; (7) On-

road following RDE specifications. 

 

2.2 Emissions projection methodology 

 

The second objective of this study is to assess the impacts of light duty vehicle NOx EFs 

evolution to total road transport emissions projections. Alternative scenarios were formulated 

by considering a range of possibilities for future EFs development, based on the results of the 
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study. The alternative scenarios were introduced to the baseline stock and activity projection of 

the SIBYL model. SIBYL details total activity and allocates this into different vehicle 

technologies for the historic years, based on data from international and national sources for 

each of the EU member states. For future years, the technology mix is projected taking into 

account policy and market studies (e.g. targets for the penetration of electric vehicles) and 

historic data on fleet evolution and vehicle replacement rate. This creates a detailed stock for 

each of the projection years, distinguished into vehicle and fuel type, and age and emission step. 

More details on the approach and data sources of SIBYL are provided by Katsis et al. [20, 21]. 

 

SIBYL baseline projection has been calibrated to total activity and energy projections used for 

policy making in the EU and in particular in the framework of the revision of the Thematic 

Strategy on Air Pollution [22]. The pace of introducing different technologies in the market is 

modelled by SIBYL. A rather conservative market change in the medium term (Year 2030) has 

been selected and a more dynamic shift to new technologies in the longer term. Table 3 contains 

main assumptions for the penetration of new technologies in the baseline projection. In 2030, 

23% of the new PCs and LCVs are expected to be of non-conventional technology, including 

natural gas, hybrid and plug-in hybrids, battery electric and fuel-cell ones. The share of such 

vehicles becomes 51% by 2050. 

 

Table 2: Market penetration (%) of different PC and LCV technologies in the baseline 

projections used. 

Technology 2015 2030 2050 

Conventional Petrol 44 32 18 

Conventional Diesel 51 45 31 

Natural gas and Autogas 

(LPG) 
3 5 7 

Hybrid and Plug-In Hybrid 2 14 25 

Battery Electric and Fuel Cell 0 4 19 

 

3 Results 

 
3.1 EF levels in light of latest measurements 

 

Passenger cars Euro 5 

Figure 1 compares mean EFs per mode with emission levels measured under different 

conditions. A distinction in the measured levels is done between lab measurements conducted 

over the NEDC and WLTC driving cycles, and real-world driving cycles which, in their 

majority, are the CADC ones. Also, average on-road levels from the PEMS measurements are 

provided, however PEMS results in this case originate from two vehicles only. Both EFs and 

average emission levels correspond to vehicle tests conducted with the engine and emissions 

control system warmed up before the test, i.e. so-called hot-start tests have been conducted in 

these cases. 

 

First, it has to be observed that the EFs used by current models are already ~4.5 times higher 

than the emission limit value (0.18 g NOx/km), close to 0.8 g NOx/km for urban conditions. 

This is due to the fact that the currently used EFs have been largely based on laboratory 

measurements over real-world cycles ran in the lab and with a road load which, in most cases, 

has been determined with actual coast-down tests on the road. These conditions cover a much 

wider engine operation range than regulatory tests and reflect a more realistic driving operation 
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and power consumption. Emission control strategy over such cycles is also expected to perform 

similar to on road conditions because road load, preconditioning, speed profile and cycle start 

temperature are distinctly different than type-approval conditions and do not give grounds for 

the initiation of a ‘defeat’ strategy. The results in Figure 1 show that NOx control technology is 

very sensitive to engine load and speed and their dynamics, and/or exhaust temperatures, when 

these extend beyond the operation range of the NEDC. Thus, even small departures from the 

type-approval range and conditions seem to lead to over-proportional increase in NOx 

emissions. 

 
Figure 1: Simplified current model NOx EFs and measured emission levels for diesel Euro 5 

passenger cars. PEMS tests correspond to two vehicles only. Uncertainty ranges correspond to 

±standard deviation. 

 

The similarity of EFs with new lab measurements over real-world cycles is actually 

exceptionally good in Figure 1, even if the dataset used here for validation is different than the 

one used for the derivation of the EFs. A significant dataset of Euro 5 CADC measurements 

was already available when EFs were developed and average levels seem to well match with 

the new dataset (Table 1). 

 

Measurements conducted with PEMS systems on the road show somewhat higher levels in 

urban conditions and substantially lower levels at rural and highway conditions. In answering 

the question whether current EFs severely underestimate actual on-road emission levels, the 

comparison in Figure 1 shows that this is probably not the case. Individual differences between 

PEMS and EFs are of course expected due to the very gross allocation of PEMS and EFs into 

three driving modes and the limited number of PEMS tests available. Many more vehicles have 

been tested with PEMS in the national studies already mentioned in Table 2. The mean Euro 5 

levels measured on the road range from 0.63 gNOx/km in the French study to 0.79 gNOx/km in 

the German one and 1.14 gNOx/km in the UK study, which make up a weighted average of 

0.83 gNOx/km. These values are broadly within the range of EF values shown in Figure 1, given 

the variability in driving conditions, and offer additional confirmation that the Euro 5 EF levels 

currently used in the EU models are representative of on road ones. Further analysis of the 

PEMS data will be needed to show if the urban, rural and highway conditions are well 

represented by the EFs used. 

 

Regarding the two cycles used for regulation, the NEDC and WLTC or subsections of them, 

one may see that these result to lower emissions than real-world ones over urban conditions and 
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even higher over highway conditions. We should remind here that these cycles were not 

performed following type-approval conditions as their start was with hot engine and not at 

ambient temperature. With the differentiated measurements protocol, any ‘defeat’ control 

strategies are most probably not activated, since the vehicle cannot recognize a type-approval 

procedure. Moreover, WLTC is not used for vehicle type-approval yet. Actually, the emission 

levels recorded over WLTC highway can be even higher than real-world levels, probably 

reflecting the transient character of the cycle even at relatively high speeds.  

 

Such high overall Euro 5 levels were also observed by remote sensing studies conducted in 

London and Zurich in the past. These studies showed that diesel fuel consumption specific NOx 

emissions did not drop for different Euro standards, definitely not at the rate expected given the 

rate of decrease of the corresponding emission limits. Model EFs, PEMS, and remote sensing 

data seem all to confirm the high emission level of Euro 5 diesel vehicles on average. It should 

be stated that the share of VW-group vehicles in the measurements sample used in the validation 

is in the range of 25% and we could not distinguish a distinctively different emission character 

of such vehicles. The high emission levels were actually observed from the majority of vehicles, 

produced by different manufacturers. This suggests that the diesel NOx control failure from an 

environmental perspective is not specific to one manufacturer only. 

 

Light commercial vehicles Euro 5 

 

Figure 2 shows the comparison of NOx EFs with measured emission levels for diesel Euro 5 

light commercial vehicles. With regard to the measured levels, the majority of measurements 

in Figure 2 correspond to N1/III vehicles, while there are also a few measurements for N1/I. 

Details on the vehicles measured are shown in Table 1. The emission limit indicatively shown 

in Figure 2 corresponds to N1/III vehicles (0.280 g NOx/km). 

 

Mean levels of PEMS measurements clearly differ from EFs and measurements in the lab, 

especially for urban and rural conditions. PEMS measured emission levels at the range of 1.5-

1.6 g NOx/km, i.e. more than five times higher than the limit. On the other hand, model EFs are 

around 0.7 g NOx/km in urban and rural and reach 1.3 g NOx/km at highway conditions. In 

terms of impact of driving profile, there appears to be no consistent difference between real 

world cycles and cycles used in the certification procedure. It should be repeated that the NEDC 

and WLTC cycles have been conducted with hot start engine and a real-world road load so 

these do not correspond to certification conditions. The results of the recent studies by the 

member states (Table 2) on 9 Euro 5 LCVs further confirm the distinct character of these 

vehicles compared to passenger cars. On average, LCVs seem to emit at least 1.5 times as much 

NOx as PCs. The weighted average emission level reported from the French and German studies 

(Table 2) is at 1.5 gNOx/km, with the RDE tests performed in the German study at 

1.79 gNOx/km, hence further confirming the findings in our study. Additional confirmation on 

the distinct character of diesel LCVs over PCs can also be observed by remote sensing data. 

Carslaw and Rhys-Tyler  [25] observed that diesel Euro 5 LCVs in London emit some 10% 

higher NOx/CO2 ratios over their PC counterparts. Together with the higher specific fuel 

consumption and hence higher CO2 emissions of LCVs compared to PCs, this can lead to 

substantial differences to the corresponding distance-weighted EFs.  

 

Reasons for the distinctively higher emission level of LCV compared to PC may include 

different engine calibration, the impact of vehicle weight and loading on emissions, or different 

driving schedules (patterns) than passenger cars. More than half of new diesel LCVs  
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Figure 2: Simplified current model NOx EFs and measured emission levels for diesel Euro 5 

light commercial vehicles. Uncertainty ranges correspond to ±standard deviation. 

 

registrations in the EU and the majority of vehicles in our sample (Table 1) reside in the N1/III 

class, which practically contains medium duty vehicles of reference mass above 1760 kg.  

 

Due to much higher vehicle weight and air drag compared to passenger cars, LCVs have a much 

higher specific energy demand per unit of distance driven [kWh/km] than typical passenger 

cars. This means they are more often driven at high or even full load in real traffic, especially 

when carrying a load. Hence, the LCV engine operation is frequently beyond the NEDC range. 

With limited NOx emission control in this extended range, this leads to over proportional 

increase of NOx compared to the specific cycle work and a clear distinction to passenger car 

levels, despite of similar emission control technology. 

 

The PEMS emission levels originate from a substantial number of measurements and vehicle 

sample (Table 1), while the EFs have been based on a comparatively smaller number of vehicles 

measured in the lab. Figure 2 results therefore show that LCV emission levels may be 

understated by EFs used by models today. Although the total number of Euro 5 diesel LCVs in 

EU in 2016 only represents approximately 16% of total diesel Euro 5 light duty vehicles, if the 

difference between EFs and emission levels is as much as what Figure 2 reveals and national 

studies show, this would have a visible impact on emissions inventories. Hence, better 

understanding of LCVs emissions is required by conducting additional in-lab and PEMS 

measurements and corrections seem probable for the EFs used today. 

 

Passenger cars Euro 6 

 

Euro 6 diesel passenger car EFs and emission levels are shown in Figure 3, together with the 

Euro 6 emission limit at 0.08 g NOx/km. Even in the case of Euro 6, EFs are three to four times 

above the limit. However, PEMS measurements appear even higher, up to 6 times higher than 

the limit. It is also important to mention that PEMS mean levels are accompanied by a large 
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variability. In case of highway emissions, standard deviation exceeds the scale of the graph, 

despite that the average is built by 13 measurements. 

 

The first important message from Figure 3 is that Euro 6 real-world emissions levels need to be 

monitored as these continue to be much higher than the emission limit. The diesel control 

failures, which in the EU have been presented as being limited to some Euro 5 models only, 

appear to extend to Euro 6 vehicles as well. Hence, the upcoming RDE regulation appears as a 

necessary step in effectively controlling emissions. 

 

The second observation from Figure 3 is that emission levels from individual Euro 6 cars vary 

a lot. The standard deviations of PEMS measurements are much higher than the ones observed 

either for Euro 5 PCs or LCVs. This is most probably the result of the variance in the actual 

technology implementation to control NOx emissions at Euro 6 level. In this so-called, “first 

generation” of Euro 6 cars, one technological option package to reach low NOx levels consisted 

of engine measures only, including EGR. A second technology package is built around the lean 

NOx trap, in addition to engine measures. Finally, the third, most advanced technology package 

includes an SCR catalyst with tailpipe urea solution injection. The variance in the performance 

and calibration of each particular system over different driving conditions is one of the prime 

reasons why such variability is observed. 

 

 
Figure 3: Simplified current model NOx EFs and measured emission levels for diesel Euro 6 

passenger cars. PEMS correspond to two vehicles only. WLTC data not available per 

subcycle section, hence no corresponding data for highway driving could be included. 

 

Both observations related to the emission levels and their variance are confirmed by national 

studies. The average weighted level observed in these studies was 0.45 g NOx/km and the 

standard error (standard deviation over mean) was 0.7, i.e. the standard deviation was at the 

same level as the mean level as such. Just to give a more vivid representation of the variance, 

the lowest measured Euro 6 vehicle level d was at 0.031 gNOx/km and the maximum one was 

at 1.16 gNOx/km, with both tests conducted in the German study [4].  
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One may also note that in case of urban conditions, average hot NEDC emission levels are 

actually below the emission limit. This shows that the technology already implemented has the 

potential to lead to very low NOx levels. Delivering real-world low emission levels is therefore 

mostly a matter of how technology is being used rather than what kind of technology has to be 

implemented. 
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ABSTRACT 

Emissions from wood-burning devices used for heating have been recognised as one of the most 

significant sources of ambient PM in several urban areas throughout Europe, particularly under 

unfavourable wintertime conditions. In this study, a combined receptor modelling and 

dispersion modelling approach is introduced, with the aim of incorporating the spatiotemporal 

information provided by an emissions database in combination with the dispersion patterns as 

calculated by a chemical dispersion model. The methodology is applied for obtaining spatially 

and temporally disaggregated source apportionment of PM in Thessaloniki, Greece. 

 

 

Χρήση μοντέλου διασποράς για τον χωρικό και χρονικό 

επιμερισμό των εκπομπών PM προερχόμενων από καύσεις 

βιομάζας σε συστήματα θέρμανσης εσωτερικών χώρων στη 

Θεσσαλονίκη 

Ν. Μουσιόπουλος, Γ. Τσέγας, Χ. Βλαχοκώστας και Κ. Σιούταςa  

a Τμήμα Πολιτικών Μηχανικών και Περιβαλλοντικής Μηχανικής, Πανεπιστήμιο Νότιας 

Καλιφόρνιας, 3620 South Vermont Avenue, Λος Άντζελες, Καλιφόρνια, Η.Π.Α. 

 

ΠΕΡΙΛΗΨΗ 

Οι καύσεις ξύλου σε συστήματα θέρμανσης είναι μια από τις κυριότερες πηγές PM σε πολλές 

ευρωπαϊκές πόλεις, ενώ συσχετίζονται έντονα με δυσμενείς χειμερινές συνθήκες. Στην 

παρούσα εργασία εισάγεται μια συνδυαστική μεθοδολογία μοντέλου αποδέκτη και μοντέλου 

διασποράς με σκοπό την αξιοποίηση της διαθέσιμης χωρικής και χρονικής πληροφορίας 

προκειμένου να επιμερισθεί η συνεισφορά διαφόρων πηγών στη συνολική σωματιδιακή 

ρύπανση. Η μεθοδολογία εφαρμόζεται για τον χωρικό και χρονικό επιμερισμό των 

μετρούμενων PM στην πόλη της Θεσσαλονίκης.  
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1 Introduction 

 

Domestic wood-burning devices represent one of the dominant sources of PM2.5 emissions in 

residential areas. During the last few years, a widespread substitution of domestic oil-burning 

heating systems with low-quality wood-burning units was observed in the Greater Area of 

Thessaloniki, Greece. Combined with the typically unfavourable wintertime meteorological 

conditions, this increase of PM2.5 emissions is considered to be largely responsible for an overall 

increase of up to 30% over the 5-year average in the wintertime PM2.5 mass concentrations, 

observed at a residential measurement site in 2013, while an increase of 20% was observed at 

the traffic-dominated centre of the city. At the same time, a distinct diurnal variation was 

registered for wood smoke tracers throughout the urban area, with significantly higher 

concentrations in the evening hours of the day compared to the morning. This work aims to 

quantify and disaggregate both in space and time the contribution of the domestic heating 

emissions on the total observed PM, through a combined receptor-dispersion modelling 

approach.  

 

2 Methodology  

 

Wood combustion emissions contain several toxic organic compounds such as benzene and 

PAHs. Exposure to wood smoke emissions has been linked to several adverse health endpoints 

in humans including pulmonary diseases, increased blood pressure and increased biomarkers 

of inflammation, coagulation and lipid peroxidation [1]. Wood smoke and biomass burning 

have been identified as potential sources of urban PM2.5 emissions in several previous studies 

[2]. In this study, a dispersion modelling approach was applied for the source apportionment of 

ambient PM2.5, in an aim to provide solid quantitative support to the hypothesis that biomass 

burning emissions represents the dominant contributor in wintertime particulate pollution.  

 

A receptor-based source apportionment of ambient PM2.5 for the Greater Thessaloniki Area has 

been previously performed based on wintertime measurements at two urban sites and using the 

Robotic Chemical Mass Balance (RCMB) receptor model [3]. In the present work, results of 

the RCMB model are incorporated in a dispersion calculation with the aim of taking advantage 

of the spatiotemporal information provided by the emissions database (see Fig. 1) combined 

with the detailed dispersion patterns as calculated by the chemical dispersion model MARS-

aero. Based on source composition information from the RCMB source database, the chemical 

profile of individual source categories is introduced in MARS-aero and a series of simulations 

is performed using the zero-out method, revealing a refined temporal and spatial allocation of 

source contributions for each receptor. Mass closure of the time-resolved contributions is then 

obtained by normalizing the calculated concentration profiles at receptor points on the basis of 

monitoring data.  

 

The Eulerian, three-dimensional chemical dispersion model MARS-aero [4], driven by the non-

hydrostatic mesoscale meteorological model MEMO [5] in a doubly nested configuration, was 

used for assessing the levels of wintertime pollution in two urban sites representing, 

respectively, a typical residential background site and an urban traffic hotspot of the 

Thessaloniki central area. For the treatment of gas and aerosol chemistry in MARS-aero, the 

EMEP chemical mechanism (66 species, 139 reactions) was used. 

 

All the mesoscale dispersion calculations were performed on the nested domains shown in 

Figure 1, with the coarse domain covering the entire administrative Region of Central 
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Macedonia (RCM), and the higher resolution grid covering the Greater Thessaloniki Area 

(GTA). The specifications and extents of the computational grids are shown in Table 1.  

 
 

Figure 1: Schematic illustration of the combined use of RCMB and the MEMO/MARS-aero 

dispersion model in an example case of three source categories (SP1, SP2 and SP3) and three 

sets of chemical analyses (MS1, MS2 and MS3) of samples obtained at three receptor 

locations (R1, R2 and R3), respectively. 

 

The required high-resolution topographical input data for the GTA and RCM were derived from 

the satellite elevation datasets of NASA’s Shuttle Radar Topography Mission [6]. Thematic 

layers of land use data were obtained from the CORINE CLC dataset [7] and have been 

resampled on a standard horizontal resolution of 100 m. The required meteorological boundary 

conditions for the sample days were determined on the basis of actual radiosondes data, as 

compiled by the Department of Atmospheric Science of the University of Wyoming. 

 

The spatial disaggregation of heating emission sources was determined for the entire urban area 

of Thessaloniki based on market survey data, building-scale maps of land use and 

socioeconomic indicators, combined with emission factors and estimated consumption volumes 

for each fuel. On average, a substitution in 70% of the existing oil-burning systems is estimated. 

 

Table 1: Size, resolution and extents of the nested computational grids used by the 

meteorological and chemical dispersion models 

Model Area of Coverage Cell count (X,Y,Z) Resolution Spatial Extent 

ΜΕΜΟ, MARS aero RCM 50, 50, 25 4 km 200 × 200 km2 

MEMO, MARS aero GTA 50, 50, 25 1 km 50 × 50 km2 
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Figure 2: Spatial coverage of the coarse (RCM) and fine (GTA) calculation grids for the 

dispersion simulations over the Thessaloniki area in northern Greece. 

 

For the baseline emissions, gridded emissions datasets were obtained from the operational 

emissions inventory of the Thessaloniki Air Quality Management System (AQMS). Upon this 

baseline scenario, a matrix of zero-out sectoral emission scenarios was developed using the 

AQMS Graphical User Interface (Figure 4): 

- Baseline emissions (before 2011)                                  -   Zero road industrial 

- 70% substitution by biomass units for                           -   Zero road resuspension 

space heating                                                                -   Zero secondary 

sulfates/NH4NO3 

- Zero primary heating                                                     -   Zero secondary PM 

- Zero primary traffic 

 

 
                               (a)                                                                             (b) 

Figure 3: (a) Spatial distribution and density (number of units per building block) of domestic 

wood-burning installations in the urban area of Thessaloniki and (b) top-down estimates of 

heating energy density in the surrounding areas, obtained from total firewood sales, 

disaggregated by energy consumption and population density data.  
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Regarding the aforementioned scenarios, it should be noted that while secondary inorganic PM 

was explicitly taken into account, secondary organic particulate chemistry was not included. 

Road dust resuspension was only partially accounted for by an empirical resuspension model 

as a function of average wind speed, without explicitly taking into account the effect of traffic 

motion. Generally speaking, the apportionment of non-exhaust traffic contributions (including 

road resuspension) is lacking in the current emissions scheme in MARS.  

 

Therefore, a new approach needs to be adopted for the implementation of such emissions of the 

1st step of the methodology, i.e. configuring MARS’ emission sources according to CMB 

source profiles. A final limitation of this methodology is the indirect way that secondary 

pollutant contributions are handled. In effect, secondary pollutants are aggregated in the 

speciated lump total mass of the chemical mechanism and a post-dispersion estimate of the 

secondary contribution is performed based on an empirical formula.  

 

 
Figure 4: Preparation of the zero-out sectoral emission scenarios using the AQMS’s 

Emissions Database graphical user interface. 

 

3 Results 
 

3.1 Dispersion calculations under the fuel-substitution scenario 

 

Calculated concentrations reproduce the observed increase of wintertime maxima of over 60%, 

or 120 μg/m3, compared to previous years. Furthermore, the calculated diurnal concentration 

pattern implies a strong impact of emitted wood smoke on the ambient PM2.5 levels, especially 

in residential receptors peripheral to the city centre. During both typical weekdays and 

weekends the most significant impact of the heating sector occurs during the evening and early 

morning hours. 

 

In Figure 5, the observed and calculated (under the baseline scenario) timeseries of PM2.5 

concentrations for the residential site are shown, during two days of January 2013 characterised 

by unfavourable wind and atmospheric stability conditions. Such conditions have been found 
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to represent around 30% of the days of a typical meteorological year in GTA. It is evident that 

the dispersion model can accurately reproduce the development of the morning and evening 

peaks with a slight overestimation of the afternoon concentrations. The overall shape of the 

diurnal profile can be attributed to a superposition of the morning traffic peak and a much wider 

late-evening peak that can be attributed to domestic heat emissions. 

(a)                                                              (b) 

Figure 5: Diurnal variation of calculated and measured PM2.5 concentrations at the Pylaia 

residential site for the 11th (a) and 21st (b) January 2013 

 

In the case of January the 11th (Figure 5a), the calculated diurnal pattern is closely correlated 

with the measured concentrations accurately reproducing the early morning and evening 

maxima. The narrow peak in measured concentrations around 20:00 can probably be attributed 

to local effect (traffic congestion) and, as such, was underestimated by the model. Nevertheless, 

the high levels of night time concentrations, as well as the strong peak in the early hours of the 

11th, are accurately reproduced. The calculated average PM2.5 concentration was 61 μg/m3 

compared to the measured 79 μg/m3, observed over the same period.  

 

In the case of January the 21st (Figure 5b), the overall diurnal profile is again well reproduced 

by the model. The range of concentrations predicted by the model for this day is less than that 

of the 11th. However, the strong peaks measured during the early morning and late night time 

hours are accurately reproduced. The calculated average concentration was 63 μg/m3, while the 

corresponding average measurement value for the same day 54 μg/m3. For both of these 24-

hour periods, calculations and measurements indicate a pronounced evening and night time 

plateau in the concentrations profile that reaches or exceeds the morning traffic peak and can 

be directly attributed to biomass burning in heating systems. Secondary contributions from 

traffic emissions can be recognised for both days, in the form of narrow peaks on around 08:00 

and 17:00. 

 

3.2 Source-apportioned contributions 

 

Based on the matrix of zeroed-out sectoral emissions, an apportionment of hourly PM 

concentrations was obtained for the study area. In Figure 6, these results are summarized for 

two selected receptor locations in the urban area of Thessaloniki: a downtown traffic spot in 

Egnatia St., near the heavily traffic-burdened junction with Venizelou St. and an urban 

background location in a residential area of the Eptapyrgio district.  

 

More specifically, in Figure 6a and 6b, a source-apportioned diurnal profile of PM10 

concentrations is shown for a January 2013 day of typical unfavourable conditions, with a very 

weak NE wind. The coarse PM fraction was included in these results in order to better 
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accommodate the resuspension component of the traffic sector. However, no hourly 

measurements were readily available for these sites for the specific period.  

 

In both sites, the heating sector represents the major contributor during most of the day, with 

the notable exception of morning working hours in the residential station when the contribution 

of heating is significantly reduced. For this particular period, both the CMB calculations [3] 

and the dispersion modelling indicate that the traffic station appears to be more heavily 

burdened by heating emissions than the rest of the city. Contributions of the “other” sector, 

dominated by secondary PM, account for the 21% and 36% of the total mass for the traffic and 

residential sites, respectively, while the traffic sector is the third largest contribution in both 

sites. Finally, industrial sources appear to have only a minimal contribution to the total 

calculated PM10 mass. 

 

For the interpretation of these results, and in particular the behavior of the traffic site, a possible 

representativeness effect should be taken into account, due to the fact that the 11 km2 

computational cell contains part of the coastal side of the city, as well as dense residential 

districts. 

                                     (a)                                                                           (b)                  

 (c)                   (d) 

Figure 6: Sectorally-apportioned contributions to the diurnal PM10 concentrations for the 

Egnatia (a) and Eptapyrgio (b) locations; and mass-referenced concentration contributions for 

the same locations, (c) and (d). 

 

 

 

3.1% 61.6% 

21.2% 

15.7% 

1.5% 43.7% 

35.7% 

17.5% 
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4 Conclusions 
 

A combined receptor modelling and dispersion modelling approach is developed for obtaining 

spatially and temporally disaggregated source apportionment of ambient PM. Results obtained 

for the Thessaloniki area reveal the dominant impact of domestic heating emissions on the 

wintertime PM concentrations, especially in locations affected by dense residential land uses, 

with significant contributions occurring during the evening and early morning hours. Ongoing 

sensitivity runs, using the zero-out emissions approach, are expected to provide a more detailed 

disaggregation of the emission contributions both spatially and with respect to source 

categories. 

 

Abbreviations 

  

AQMS    Air Quality Management System 

EMEP    European Monitoring  

   and Evaluation Programme 

PAHs   Polycyclic aromatic hydrocarbons 

RCM     Region of Central Macedonia 

RCMB   Robotic Chemical Mass Balance 

GTA    Greater Thessaloniki Area 
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ABSTRACT 

This study contributes to the understanding of cycle-to-cycle emissions variability (CEV) in 

premixed spark-ignition combustion engines. A number of experimental investigations of 

cycle-to-cycle combustion variability (CCV) exist in published literature; however only a 

handful of studies deal with CEV. This study experimentally investigates the impact of CCV 

on CEV of NO and CO, utilizing experimental results from a high-speed spark-ignition engine. 

Both CEV and CCV are shown to comprise a deterministic and a stochastic component. Results 

show that at maximum break torque (MBT) operation, the indicated mean effective pressure 

(IMEP) maximizes and its coefficient of variation (COVIMEP) minimizes, leading to minimum 

variation of NO. NO variability and hence mean NO levels can be reduced by more than 50% 

and 30%, respectively, at advanced ignition timing, by controlling the deterministic CCV using 

cycle resolved combustion control.  

 

Διερεύνηση της μεταβλητότητας των εκπομπών ρύπων σε μηχανή 

ανάφλεξης με σπινθήρα υψηλής ταχύτητας 

A. Kαρβουντζής-Κοντακλιώτηςa, Α. Δημαράτοςa, Λ. Ντζιαχρήστος, και Ζ. 

Σαμαράςa   

a Εργαστήριο Εφαρμοσμένης Θερμοδυναμικής, Τμήμα Μηχανολόγων Μηχανικών, Αριστοτέλειο 

Πανεπιστήμιο, Θεσσαλονίκη  

 

ΠΕΡΙΛΗΨΗ 

Η παρούσα εργασία συμβάλλει στην κατανόηση της μεταβλητότητας των εκπομπών ρύπων 

(CEV) των κινητήρων εσωτερικής καύσης με ανάφλεξη με σπινθήρα και προαναµεµειγµένο 

καύσιμο. Η συγκεκριμένη μελέτη διερευνά πειραματικά την επίδραση της CCV στη CEV όσον 

αφορά στο ΝΟ και στο CO, χρησιμοποιώντας πειραματικά αποτελέσματα από μια μηχανή 

ανάφλεξης με σπινθήρα υψηλής ταχύτητας. Τόσο η CEV όσο και η CCV φαίνεται να 

περιλαμβάνουν μια καθορισμένη και μία στοχαστική συνιστώσα. Τα αποτελέσματα δείχνουν 

ότι στο σημείο μέγιστης ροπής (MBT), η μέση ενδεικνυόμενη πίεση (IMEP) μεγιστοποιείται, 

ενώ ο συντελεστής μεταβλητότητάς της (COVIMEP) ελαχιστοποιείται, κάτι που οδηγεί στην 

παράλληλη ελαχιστοποίηση της μεταβλητότητας των εκπομπών του ΝΟ.  
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1 Introduction 
 

Spark-ignition (SI) internal combustion engines (ICEs) constitute the most widespread power 

source for light duty vehicles [1]. SI engine technology has to fulfill increasingly stringent air 

pollutants and greenhouse gas emissions standards. Leaner and more diluted air-fuel mixtures 

generally increase thermal efficiency and reduce pollutants resulting from incomplete 

combustion, but also increase combustion variability from cycle to cycle (CCV) [2]. Hence, 

CCV is one of the combustion limits that have to be considered when designing efficient lean-

burn combustion engines. Moreover, as pollutants formation is linked to the combustion 

process and mixture conditions, CCV appears as the main origin of cyclic emissions variability 

(CEV) [3-5]. Understanding and controlling CCV is therefore required to design both more 

efficient and cleaner engines. 

 

CCV mostly originates from variations in the in-cylinder gas motion, perturbations in the 

air/fuel ratio from cycle to cycle and mixture non-uniformities, including variance in the 

residual gas mass from the previous combustion cycle [6]. The exact magnitude of all these 

variables, especially close to the spark plug, is very important due to their impact on the early 

flame kernel development. Early flame development is recognized as the most crucial stage of 

combustion evolution [7, 8] and greatly affects the subsequent build-up of cylinder pressure 

during flame propagation [9, 10]. Slow rate of early flame kernel leads to slow flame 

propagation rate and subsequently to lower peak pressures [11]. The variation of in-cylinder 

turbulence and the local mixture composition were found in the study of Sjerić et al. [12] to be 

the dominant factor that affects the cyclic variability. Experimental studies on a lean-burn SI 

engine showed that slightly rich conditions close to the spark plug give fast burn cycles, while 

too lean mixtures may not even ignite [2, 13]. It is also well known that at very lean and highly 

diluted mixtures, the spark ignition energy has a significant impact on the combustion process 

[14]. 

 

 
Figure 1: Schematic of the experimental setup. 



Stochastic and deterministic aspects of cyclic emission variability on a high speed SI engine 

 

 

 

89 

CCV consists of both stochastic and deterministic phenomena. On one hand, SI engine 

operation at stoichiometric, homogeneous-charged and low-dilution conditions exhibits CCV 

that can be approached as a random phenomenon with no short-term predictability. Fluctuations 

of the gas mixture motion and turbulence as well as perturbation of the quantity and spatial 

distribution of the fuel are related with the stochastic aspect of cyclic dispersion. On the other 

hand, at leaner and more dilute mixture conditions, a more visible deterministic aspect of cyclic 

variability implies some degree of predictability and potential for real-time control [15]. 

Grünefeld et al. [16] showed that high combustion pressure of the preceding cycle results to a 

higher quantity of residual gas and a lower combustion pressure in the following cycle. The 

"memory" effect from cycle to cycle has been also revealed in another study [17]. The 

deterministic aspect of CCV is interesting because it can be limited through high-frequency 

real-time control of the combustion process. Therefore, it becomes extremely useful for future 

SI engines design [18] to explore the potential of combustion efficiency improvement and 

pollutants formation reduction by limiting the deterministic feature of CCV, under various 

engine operating conditions. 

 

This work experimentally studies the nature of cyclic emissions variability, primarily of NO 

and CO, under various engine loads and speeds by varying the equivalence ratio and the ignition 

timing. The aim is to identify the extent by which phenomena leading to emissions variability 

can be determined and controlled and to separate these from neatly stochastic variability. To 

the best knowledge of the authors, this is the first study of its kind. 

 

2 Experimental Setup 
 

2.1 Engine 

 

The experiments were conducted on an in-line four cylinder port fuel injection SI engine, 

modified from an original HONDA CBR600RR motorcycle. The engine was controlled by a 

programmable open-access engine control unit (ECU), which enabled alteration and recording 

of the entire set of engine parameters (e.g., spark timing, equivalence ratio, fuel injection timing 

and duration, etc.) and was connected to a Schenk steady-state hydraulic brake. The fuel used 

was a market petrol with a nominal octane number of 98 RON. 

 

2.2 Experimental configuration and measurements 

 

The experimental setup is schematically illustrated in Figure 1 provides the main specifications 

of the relevant instruments. The measurements involved recording of two sets of parameters, 

one at high and the other one at low sampling frequency. High frequency sampling was 

conducted for cylinder pressure, exhaust gas temperature, crankshaft and camshaft position and 

emissions of CO, CO2, NO and NOx. Pollutants measurement was conducted in the exhaust 

manifold directly downstream of the exhaust valve. A National Instruments 6341 USB data 

acquisition card was used for high frequency sampling, capable of sampling rates up to 

500 kHz. In this experimental study, a set of 150 consecutive cycles was sampled at each engine 

operating point, while the sampling rate was adjusted to correspond to 0.5 degrees of crank 

angle. 

 

The low sampling frequency set of parameters comprised ECU derived signals, including the 

lambda sensor value (λ), ignition timing, throttle position, inlet air pressure and temperature 

and coolant temperature, all recorded at a frequency of 10 Hz. Average CO, CO2, and HC 

emissions were also recorded at low frequency in the exhaust line, upstream of the muffler. 
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A Kistler 6113B measuring spark plug with an integrated piezoelectric transducer was used to 

measure cylinder pressure. This is manufactured to fit the particular engine cylinder head and 

can be used as a direct replacement of the original spark plug. The signal from the transducer 

was fed to a Kistler 5011B charge amplifier. The error in the cylinder pressure measurement 

was less than ±1% full scale reading (FSO). The exhaust gas temperature was measured with a 

K-type thermocouple connected to the relevant transducer, with maximum error of 0.75% of 

reading 

 

High frequency pollutants measurement of cycle-resolved emissions was conducted using fast 

response analyzers. In this study, a Cambustion fNOx400 analyzer was employed for cycle-to-

cycle measurement of NO and NOx concentrations. This fast response NO detector combines 

standard chemiluminescence detection (CLD) with a rapid sampling method. Both sampling 

heads of this analyzer sampled from the exhaust port, as illustrated in Figure 1. One channel 

was used for NO measurement, with response time in the order of 4 ms, while the second one 

measured total NOx (by converting NO2 to NO using the necessary converter). Similarly, a fast 

response CO/CO2 analyzer (Cambustion NDIR500) utilizing the standard NDIR measurement 

was used, with the short response time achieved by miniaturizing the sampling volume. This 

analyzer also comprised two channels, each able of detecting both CO and CO2 signals. The 

first channel measured exhaust port concentrations while the second one measured averaged 

concentrations just upstream of the exhaust muffler. Finally, a Signal 3000HM HC analyzer 

measured averaged total HC (C1 equivalent) at the same location.  

 

2.3 Measurement protocol 

 

The test protocol consisted of a three dimensional matrix of measurements at different throttle 

positions, equivalence ratios, and ignition timings. Engine speed was set at 4000 rpm. Throttle 

positions were set at 20 %, 50 % and 80 % positions of wide open throttle (WOT). Air-fuel 

ratio was adjusted at λ=0.93 (rich mixture), λ=1 (stoichiometric mixture) and λ=1.07 (lean 

mixture), consecutively. Finally, different ignition timings were examined, including the 

default setting, corresponding to maximum breaking torque (MBT), an advanced setting at 

5oCA before MBT and three retarded ignition settings, i.e. 5, 10 and 15oCA post MBT. 

 

3  Data processing 
 

To demonstrate the application of the method developed for cycle-resolved pollutants analysis, 

Figure 2 shows a typical trace of cylinder pressure and NO emissions from the same cylinder. 

While the exhaust valve remains closed, the analyzer measures elevated NO levels in the gas 

remaining in the exhaust manifold from the preceding cycle. When the exhaust valve opens 

(EVO), a portion of in-cylinder gas exits rapidly (blow-down) and washes out the old gas. A 

delay between EVO and analyzer response (point A in Figure 2) is observed, attributed to the 

finite time it takes to the exhaust gas to travel between the valve and the sampling point, and to 

the instrument response time. During the exhaust stroke and before the exhaust valve closes 

(EVC), the analyzer signal shows a slight instability (section B-C in Figure 2), indicating a 

variation of NO concentration in the cylinder gas or interference from flow phenomena in the 

exhaust port. The shape of this section may vary in each cycle due to the bulk gas motion and 

turbulence. After the exhaust valve closes again for the next cycle, the analyzer signal remains 

rather constant (part C-D in Figure 2). The mean of this rather stable level is taken as the NO 

emissions of the latest cycle. A similar procedure has been followed for the all measured 

species, taking into account the variations in signal delay, due to the different positioning of the  
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Figure 1: Typical NO recording in the exhaust with reference to the cylinder pressure. 

 

sampling probes for each species. More details on the exact process per pollutant are given by 

Karvountzis et al. [21]. 

 

4 Results and Discussion 
 

4.1 Impact of ignition timing on emissions variability 

 

Slightly retarded or advanced ignition may occur in actual engine operation as a result of 

random perturbations in the in-cylinder conditions, such as fuel availability at the spark plug 

area. Ignition timing results also on emissions variability, although this has been studied to a 

lower extent [6]. The objective of this subsection is the investigation of ignition timing on cyclic 

variability both under lean and rich conditions. 

 

Engine ignition timing controls engine torque and is usually set at the MBT point. Earlier or 

later ignition timings lead to lower piston net work. It was found that the maximum mean IMEP 

is accompanied by the minimum coefficient of variance (COVIMEP), which is a well-known 

feature of stoichiometric or slightly rich mixtures and homogeneous conditions [6]. 

 

Ignition timing affects engine variability though its impact on early flame kernel development. 

Figure 3 presents the relationship between the required time for the development of the early 

flame kernel, which is defined as the difference in crank angle between the points of 5% of 

mass fraction burned and ignition (ϑ5% - ϑign), and the maximum cylinder pressure (pmax). The 

mass fraction burned has been determined with the methodology earlier presented [21], while 

the ignition timing is provided by the engine’s ECU. Retarded ignition timing leads to faster 

development of the “initial” flame kernel, but to lower maximum pressure. The spark discharge 

in relation to piston position can explain this. Retarded ignition occurs closer to the TDC, where 

cylinder pressure and temperature are relatively higher when the spark is discharged. The 

mixture ignites faster but flame propagation meets the piston phasing during expansion; 

therefore mixture pressure is lower. Conversely, in the case of advanced ignition timing, higher 

maximum cylinder pressure is reached but the mixture takes longer to ignite. 

 

Figure 4 illustrates the maximum pressure versus the crank angle at which the maximum 

pressure occurs for five different ignition timings. The characteristic shape of the limits formed 

by the individual points is well-understood [6] and corresponds to the fast and the slow burn 

combustion boundaries. Retarded ignition results in much lower Pmax compared to the MBT 

case. These cases present either high ϑPmax for fast burn rate mixtures or ϑPmax closer to the TDC 
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when mixture exhibits a slow burn rate. Advanced ignition timing points correspond to higher 

maximum pressure and ϑPmax slightly after TDC. In this area, combustion variability, which is 

defined as the difference between the fast and the slow burn curve, is low. 

 
Figure 2: Relationship between the required time for the development of the early flame 

kernel and maximum cylinder pressure at 4000 rpm, 80 per cent throttle position and slightly 

rich (λ~0.94) operating conditions. 

 
Figure 3: Relationship between maximum cylinder pressure and crank angle at 4000 rpm, 80 

per cent throttle position and slightly rich operating conditions. 

 

Ignition timing also affects the cycle-to-cycle NO variability.  Lowest COVNO at such 

conditions was also observed by Ball et al. [22] on a single-cylinder research engine operating 

on methane. Figure 5 illustrates the relationship between NO and crank angle at which the 

maximum cylinder pressure occurs (ϑPmax). At the maximum pressure crank angle, the fast burn 

rate curve corresponds to higher NO concentrations, compared to the slow burn one. In the case 

of advanced ignition timing, flame propagation evolves close to or even before TDC, which 

results to higher maximum pressure, higher peak combustion temperature and finally faster NO 

formation. On the other hand, the slow burn limit curve represents the incompleteness of 

combustion; this results to lower fuel mass burned per cycle, lower heat release and finally less 

NO formed. Heat release in actual engine operation fluctuates between the slow and fast burn 

rate curves, which leads to NO variations up to hundreds of ppm, for seemingly steady state 

operation. In a previous study using a modelling approach, we explained that the rate of 
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combustion can indeed lead to such high variations in mean levels of NO from cycle to cycle, 

at macroscopically steady state conditions. 

 

Figure 6 also shows that the scatter of CO emissions (the difference between the fast and the 

slow burn curve) increases at retarded ignition timing, at the crank angle that maximum cylinder 

pressure 

 
Figure 4: Relationship between NO and crank angle at which maximum cylinder pressure 

occurs at 4000 rpm, 80 per cent throttle position and slightly rich operating conditions. 

 

occurs. This observation can be explained by considering the in-cylinder motion, whereas the 

max cylinder pressure developed controls the trapped mass into crevices. Cylinder pressure 

varies from cycle to cycle and finally the trapped mass and the completeness of combustion 

varies as well. Cycles with high maximum cylinder pressure (Pmax) result to more air-fuel 

mixture into the piston wall gap which increases CO and HC emissions while cycles with lower 

maximum cylinder pressure (Pmax) exhibit the opposite trend. Therefore, higher CO variability 

(COVCO) at retarded ignition timing is directly linked to higher cylinder pressure variability at 

these conditions. 

 
Figure 5: Relationship between CO and crank angle at which maximum cylinder pressure 

occurs at 4000 rpm, 80 per cent throttle position and slightly rich operating conditions. 
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Although much of the research on cyclic variability has focused on its stochastic aspects, it is 

widely accepted that observed cyclic variations can also contain a deterministic aspect. This 

deterministic aspect implies some degree of predictability and potential for real-time control 

[15]. Therefore, the impact of ignition timing under lean and diluted conditions has been 

investigated, as the deterministic aspect is mostly present in such conditions. A comparison 

study for the effect of ignition timing on cyclic emission variability between MBT and advanced 

ignition timing under slightly lean conditions has also been conducted. It is generally considered 

that advanced ignition timing leads to a noticeable increase on residual gas fraction. This mainly 

occurs as advanced spark timing causes an earlier peak pressure that leads to lower exhaust gas 

density, affects the exhaust blow-down process and finally increases the residual gas fraction . 

 

Advanced ignition timing increases the CCV of heat release, as illustrated on Figure 7. It is 

shown that MBT results to a noisy spot, whereas at the advanced ignition timing case (MBT 

+20) each cycle affects the next one, leading to a strong memory effect. The COV of heat 

release was found to increase by a factor of 2 at advanced ignition timing (MBT +20) compared 

to the MBT conditions while the boomerang-shaped pattern indicates the strong deterministic 

character of cyclic combustion variability compared to the MBT case. In fact, advanced ignition 

timing leads to higher residual gas fraction, which “delays” early flame kernel development and 

finally flame propagation. 

 
Figure 6: Heat release return map for various MBT ignition timings at 6000 rpm, 20 per cent 

throttle position (~32Nm) and slightly lean mixture conditions (λ~1.07). 

 

The nature of NO cyclic variability at various ignition timings and under lean conditions is 

illustrated on Figure 8. The deterministic feature of NO variability is enhanced under advanced 

ignition timing. At advanced ignition timing (MBT + 20) the minimum variance of NO data is 

slightly higher than the MBT case, mainly due to the higher pressure and temperature during 

the combustion process. However the average NO value in the case of MBT increases from 

507 ppm to 887 ppm in the case of MBT+20, i.e. by about 75%, mainly due to the deterministic 

edges of boomerang-shaped pattern. Controlling the deterministic component of combustion 

variability could reduce the emission variability by more than 50%, and the mean NO value 

would decrease by 30%. 

 

5  Conclusions 
 

This study explores cyclic emissions variability under various engine operating conditions, 

including engine speed, load, equivalence air/fuel ratio, and ignition timing. The relative 
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Figure 7: NO formation return map at 6000 rpm, 20 per cent throttle position (~32Nm) and 

slightly lean operating conditions (λ~1.07). 

 

importance of the deterministic and stochastic components of cyclic variability changes under 

different engine operation settings with an impact on both the variance and the mean level of 

exhaust emissions. By controlling the deterministic component one may achieve an overall 

reduction of combustion and emissions variability. Results show that at maximum break torque 

(MBT) operation, the indicated mean effective pressure (IMEP) maximizes and its coefficient 

of variation (COVIMEP) minimizes, leading to minimum variation of NO. NO variability and 

hence mean NO levels can be reduced by more than 50% and 30%, respectively, at advanced 

ignition timing, by controlling the deterministic CCV using cycle resolved combustion control. 

The deterministic component of CEV increases at lean combustion (lambda =1.12) and this 

overall increases NO variability. CEV was also found to decrease with engine load. At steady 

speed, increasing throttle position from 20% to 80%, decreased COVIMEP, COVNO and COVCO 

by 59%, 46%, and 6% respectively. Highly resolved engine control appears as key to limit the 

deterministic feature of cyclic variability and decrease combustion and emissions variations. 
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ABSTRACT 

Releases of hazardous agents in complex built environments pose a tremendous challenge 

to emergency first responders and authorities in charge due to casualties potentially involved 

and the significant environmental impact. Therefore, it is of an exceptional interest to compile 

a detailed inventory of the different models and methodologies currently in use, to characterize 

their performance and to establish strategies for their improvement. The Action is a first 

cross-community initiative to join, to coordinate and to harmonize European efforts for a 

substantial improvement in the implementation of local-scale emergency response tools. 

 

Σύνοψη της Δράσης COST ES 1006 
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aΜετεωρολογικό Ινστιτούτο, Πανεπιστήμιο του Αμβούργου, Γερμανία 
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Ιταλία 
cΚεντρικό Ινστιτούτο Μετεωρολογίας και Γεωδυναμικής, Βιέννη, Αυστρία 

 

ΠΕΡΙΛΗΨΗ 
Οι εκπομπές επικίνδυνων αερομεταφερόμενων ρύπων σε αστικά περιβάλλοντα συνιστούν 

ιδιαίτερη πρόκληση για τους υπεύθυνους διαχείρισης κρίσεων εξαιτίας των δυνητικών 

απωλειών σε ανθρώπινες ζωές και των αρνητικών περιβαλλοντικών επιπτώσεων που μπορεί 

να προκύψουν. Για τους λόγους αυτούς είναι ιδιαιτέρως σημαντικό να καταγραφούν 

συστηματικά οι διαφορετικές μεθοδολογίες και τα μοντέλα διασποράς που ήδη εφαρμόζονται, 

να αξιολογηθεί η  απόδοση τους και να καθοριστούν στρατηγικές για τη βελτίωση τους. Η 

Δράση COST ES1006 αποτέλεσε μια πρώτη πρωτοβουλία για το συντονισμό και την 

εναρμόνιση σχετικών επιστημονικών δράσεων σε Ευρωπαϊκή κλίμακα για την ουσιώδη 

βελτίωση στην εφαρμογή αριθμητικών μοντέλων διασποράς σε τοπική κλίμακα στο αστικό 

περιβάλλον σε περιπτώσεις που χρήζουν άμεσης αντίδρασης.  
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1 Introduction 
 

The atmospheric dispersion models (ADM) represent a crucial part of local-scale emergency 

response tools (ERT) for tracking and predicting airborne hazards from accidental or 

deliberate releases (Figure 1). A major challenge is their application in complex topography 

and geometry, as in industrial or urban environments. Various modelling approaches are 

applied, from simple parametric models and Gaussian methods to Lagrangian dispersion 

models and advanced CFD-based modelling suites. The different methodologies have 

advantages and disadvantages with respect to their computational efficiency, accuracy, 

reliability of the results and many more. For any accidental release scenario, authorities can 

take different decisions and a variety of instructions can thus be provided to the emergency 

responders, depending on the simulation tools applied. 

 

 
 

Figure 1: The principal components of an ERT with the ADM at its core. 

 

Modern societies face a large spectrum of potential threats connected to the release of 

hazardous agents into the atmosphere. These threats include the release of: 

o Radioactive or nuclear materials (e.g. Fukushima, Japan, 2011) 

o Toxic chemical products as gases or particles (e.g. Seveso, Italy, 1976) 

o Pathogenic biological entities (e.g. Sarpsborg, Norway, 2005). 

 

These CBRN (Chemical, Biological, Radiological and Nuclear) threats might be realized as 

the result of accidents, or as a consequence of criminal or malevolent activities. Although 

these events are quite different in nature, effective emergency response to them requires 

similar atmospheric dispersion modelling and risk assessment tools. The COST Action 
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ES1006 was established with the main goals of evaluating the application of ADM in built 

environments, that is urban or industrial sites, and of assessing their integration in ERTs. The 

focus was on short-term and small-scale threats, which the emergency services are most often 

called to cope with. The Action activity was mainly aimed at: 

o Elaborating a complete inventory of local threat scenarios and related modelling 

systems presently used, which could be of reference for local-scale airborne hazards 

modelling 

o Setting up a dedicated comprehensive and structured inventory of models suitable to 

local-scale accidental releases 

o Investigating the main gaps, deficiencies and limitations in presently available 

knowledge and models, identifying the directives for their improvement 

o Addressing the integration of airborne hazards modelling tools in ERTs for 

urban/industrial applications 

o Evaluating available models with an application-oriented approach, through 

validation against observations from qualified field and laboratory experiments and 

model inter-comparison 

The Action focused on the following three major activities: 

o Working Group 1: Threats, Models and Data Requirements. The main tasks of this WG 

included the following: 

  Compilation of test data sets available for systematic validation of local-scale 

dispersion models in complex urban environments.  

 Definition of an evaluation scheme for qualified reference data sets 

o Working Group 2: Testing, Evaluation and Further Development of Models. The main 

tasks of this WG included the following:  

 Validation test runs (blind/no blind) 

 Comprehensive analysis and documentation of the evaluation exercises 

o Working Group 3: Applicability, Implementation and Practical Guidance. The main tasks 

of this WG included the following:  

 Review of stakeholders requirements 

 Compilation of a Best Practice Guidelines document for the reliable application 

of dispersion simulation tools, translating scientific output of the Action into 

stakeholder support 

 

2 Methodology  

 

The activities of the Action are documented in scientific reports available on the Action’s 

website: http://www.elizas.eu. As a first step a state-of-the-art report [1] on specific problems 

related to dispersion modelling for emergency planning and response was compiled. The main 

topics included: 

o An analysis and assessment of the applicability of an ADM into ERTs, of the specific 

needs and possible improvements connected to the expected timely response, and of the 

reliability of current local-scale modelling techniques 

http://www.elizas.eu/
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o A definition of the concept of threats, description of threat scenarios, source terms of 

concern, critical and challenging situations for the different communities involved in 

local-scale emergency response 

o A review of the different modelling approaches and tools, the limitations of both simple 

and advanced models of emergency response systems from a current perspective; 

o A discussion of the particular challenges for contaminant dispersion modelling applied 

to the local-scale and of the needs for future model development; 

o An analysis of the present evaluation process for local-scale dispersion models, in 

particular when dealing with the uncertainties related to the application of models in 

emergency response 

o A discussion of the specific requirements and datasets to pursue the quality assurance 

of local-scale models and of the related evaluation methodologies, including 

preliminary guidelines 

o A discussion of the importance of the interaction between scientists and model 

developers with end-users, stakeholders and decision makers 

o An outline of practical constraints, regulations and legal issues 

 

A catalogue of state-of-the-art emergency response tools and a model inventory for airborne 

hazards from accidental/deliberate releases in complex urban and industrial areas was prepared: 

the Emergency Response Models and Tools Inventory Database Tool (ERMIDT) [2]. It collects 

detailed information on existing models and ERT currently applied in the context of the 

Action, developed for local-scale incident scenarios. The structure of the catalogue enables an 

efficient access to the required information:  

o type of application 

o type of computational approaches and models integrated,  

o aspects of hazards and scenarios addressed,  

o physical background,  

o input data demands and model outputs 

o computational demands and information on model application/use 

o verification or related performance measures.  

The inventory is intended to support model-specific guidance regarding an efficient and 

reliable use of different models and tools. 

 

The first modelling exercise, “Michelstadt”, was based on data gathered in a wind-tunnel 

flow and dispersion experiment performed in the WOTAN atmospheric boundary layer 

wind tunnel at the Environmental Wind Tunnel Laboratory in Hamburg [3]. The 

measurements were carried out in an idealized Central-European urban environment model, 

named as Michelstadt. Five point sources were used non-simultaneously in continuous and 

short-term release mode, and two wind directions were investigated. Model simulations and 

an intercomparison for continuous and puff releases were performed, aiming at identifying 

the key aspects and possible problems arising in applications to emergency response cases. 

The different modelling approaches are summarized in Table 1. Blind and non-blind cases 

were simulated. Flow and concentration data were provided for the non-blind test case, while 
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in the blind test only the minimum flow information was provided to the modellers. Initial 

results obtained with models of Type II [4] show relative good agreement between observed 

and predicted mean concentration for a continuous release in non-blind simulations. However, 

a lower score is obtained (as expected) for simulations of the puff release in the blind case. A 

statistical analysis of the results was reported in [5]. The metrics considered in the analysis 

was the normalized mean squared error (NMSE) of the mean concentration in the 

continuous release and the mean dosage in puff releases cases, both in the non-blind and 

blind test cases. The acceptance criterion in built environment requires that NMSE < 6 [6]. 

Most models give performances within the acceptance limit for the non-blind case while 

there is a setback for the blind case; a certain variability in the performances of different 

models was also reported. 

 

Table 1. Types of models used to simulate Michelstadt test case  

Dispersion modelling method Number of models Computational time 

Gaussian (2 with building parameterization) 7 1 – 5 min 

Lagrangian 5 2 min –5 h 

CFD (8 RANS; 3 LES; 1  

RANS-Lagrangian) 

10 (6 models) 2 h – 4 days 

 

An ad-hoc tool for comparing physical measurements and results of numerical simulations 

was developed in Python and it has been already applied to the Michelstadt modelling exercise 

[7]. The main features of the tool are: 

o “User friendly” as well as “Advanced user” modes 

o generic and flexible, applicable to models of any complexity, with different outputs 

(object oriented programming); 

o built in a modular way in order to facilitate the easy inclusion of additional metrics, 

plots, etc. 

o developed to be used both under Linux and Windows 

o includes all modules necessary to produce the required outputs (metrics, plots) 

On the basis of the first test (Michelstadt exercise), further statistics and graphical processing 

that can be useful specifically for model evaluation in continuous or puff releases were 

identified and are being implemented in the tool to be used in next Action’s modelling 

exercises. 

 

A questionnaire surveying the present tools used by end-users and stakeholders was 

elaborated and distributed to investigate their needs and requirements related to the modelling 

suites. Not surprisingly, according to questionnaires, most of the responsible agencies use 

simple approaches with minimal meteorological input and no consideration of buildings. Only 

few of them reported using sophisticated models in combination to mesoscale meteorological 

models. The opinions of stakeholders towards uncertainties in the modelling process were also 

analyzed. The preferences expressed by stakeholders and end-users with respect to the type of 

model outputs from an ADM are: hazardous areas on maps, hazardous distances, 



                         F. Barmpas, N. Moussiopoulos, B. Leitl, S. T. Castelli, K. Baumann-Stanzer et al. 

 

102 

concentration values and confidence intervals. The stakeholders’ expectation from the use of 

ADM can be shortly summarized as: emergency models have to be simple, robust and fast, they 

should provide user-friendly interface with on-line help and supply potential damage zones 

on “google maps”-like as output. As a follow-up, more in-depth interviews were conducted 

and analysed [8]. The general opinion expressed about the usefulness of ERTs goes from 

‘good’ to ‘essential’. The practical limitations in using more complex tools in ERTs are a 

major concern for end-users and decision makers. Documenting the limitations of different 

local-scale emergency response methodologies by assessing the actual uncertainty of model 

results is recognized as an important issue as well. 

 

3 Results 
 

3.1 The Catalogue of Threats and Challenges 
 

The scope of the catalogue is to collect, document and characterize typical and relevant 

local-scale threats related to releases of toxics agents in populated areas. The goal of the 

catalogue is to guide the model development towards the present and future needs of 

emergency response management. The document provides a description of conditions leading 

to release of hazardous materials, which might impact negatively exposed humans’ health 

and safety. Then, main topics pertinent to the consequences analysis are addressed. 

 

3.2 The Model Evaluation Protocol 
 

The scope of this document is to review model evaluation procedures for the validation 

of dispersion models, which can be applied in cases of accidental or deliberate releases of 

airborne hazards in urban areas. A task-oriented model evaluation protocol is proposed, starting 

from the requirement to introduce an evaluation procedure applicable during all three distinct 

phases in emergency response: pre- accidental analysis and planning; predictions during an 

actual emergency and post-accidental analysis. The protocol is tested and further improved 

in the course of the modelling exercises planned in the Action. 

 

3.3 The Best Practice Guidelines 
 

The objective of the document is to provide guidance on the application of ADMs in emergency 

response in order to minimize the uncertainty in simulation results and increase their reliability. 

The document provides comprehensive information on usability, pros and cons as well as 

challenges and limitations of different modelling approaches. The document highlights the 

location of the ADM within the chain of assessment of an ERT, and identifies the model results 

that can be used in an operational approach. The document suggests possible approaches to 

application of models under conditions typical to emergency events: scarce or lack of input 

data, field measurements ingestion, etc. These Best Practices are provided for the different 

phases of emergency: pre-accidental/planning, during emergency and post- accidental. 

 

4 Conclusions 
 

The COST Action ES1006, devoted to the evaluation, improvement and guidance for the use 

of local-scale emergency prediction and response tools for airborne hazards in built 

environments, is presented and the first results achieved in the research activity are discussed. 
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The Action’s aims are: to document the state-of-the art in applied local-scale airborne hazard 

modelling, to verbalize and quantify the strength and weaknesses of existing modelling 

approaches and to improve the reliability of applied emergency response modelling by giving 

guidance and best practise recommendations for model developers and end users.  

 

The model quality assurance related activities is carried forward to the specific field of local-

scale emergency response modelling. Flow and dispersion modelling, source term 

characterization, hazardous material chemistry as well as emergency response management and 

policy issues have to be considered when evaluating and improving tools and models currently 

in use. The major outcomes expected from the Action are best-practice recommendations, an 

up-to-date inventory reviewing the current modelling tools employed in emergency 

preparedness and response, a comprehensive database of experiments, scientifically and 

practically qualified, for benchmarking local-scale emergency response models. The final goal 

is to outline the most preferable direction for future developments. 
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ABSTRACT 

All current observations as well as projected changes suggest an increase of ambient air 

temperature, especially in large urban areas. The energy consumption for ventilation will be 

affected by the impacts of this change in climate because ventilation loads are varying directly 

with the local ambient temperature and humidity conditions. A user-friendly tool for 

estimating the ventilation energy requirements is the “ventilation load index (VLI)”. In this 

work, an analysis that shows the changes of the VLI during the last three decades (1983-2012) 

for the two largest cities in Greece, namely Athens and Thessaloniki, is presented. The study 

shows that the energy demands in cooling period are increased, more intensively during 

nighttime, and in heating period are decreased. However, the total ventilation energy demands 

on a yearly basis are decreased from decade to decade. 

 

Οι επιπτώσεις της κλιματικής αλλαγής στις ενεργειακές 

απαιτήσεις για την επεξεργασία του φρέσκου εξωτερικού αέρα σε 

συστήματα κλιματισμού-αερισμού. Οι περιπτώσεις της Αθήνας 

και Θεσσαλονίκης 

Κ.Τ. Παπακώστας a  και Θ. Σλίνη  

a Εργαστήριο Κατασκευής Συσκευών Διεργασιών, Τμήμα Μηχανολόγων Μηχανικών, 

Αριστοτέλειο Πανεπιστήμιο, Θεσσαλονίκη 

 

ΠΕΡΙΛΗΨΗ 

Οι πρόσφατες μετρήσεις καθώς και οι προγνώσεις καταγράφουν ανοδικές τάσεις αναφορικά 

με τη θερμοκρασία στις αστικές περιοχές. Η κατανάλωση ενέργειας που απαιτείται για τον 

αερισμό επηρεάζεται άμεσα από τις επιπτώσεις της κλιματικής αλλαγής, καθώς τα φορτία 

αερισμού εξαρτώνται άμεσα από τις συνθήκες θερμοκρασίας και υγρασίας του 

περιβάλλοντος. Στην παρούσα εργασία επιχειρείται μια ανάλυση των μεταβολών του δείκτη 

VLI κατά τις 3 τελευταίες δεκαετίες (1983-2012) στις πόλεις των Αθηνών και της 

Θεσσαλονίκης, για διάφορες περιπτώσεις λειτουργίας συστημάτων κλιματισμού-αερισμού.  
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1 Introduction 
 

Buildings constitute worldwide one of the biggest energy consumers with 32% of the total 

final energy consumption, while in terms of primary energy consumption they represent 

around 40% in most countries, according to the International Energy Agency. In Europe, the 

building sector accounts for 41% of the total final energy consumption (1104 million tons of 

oil equivalent in 2013) in EU-28, of which 296 million tons of oil equivalent in residential 

buildings and 152.3 in non-residential buildings [1]. Climate change has a large impact on the 

energy consumption in buildings and influences the air conditioning loads, especially the 

ventilation loads which vary directly with the local ambient temperature and humidity 

conditions. Urban areas are affected more by climate change due to the urban heat island 

(UHI) effect and hence experience higher ambient temperatures than the rural surroundings. 

 

The topic of climate change has attracted widespread attention in recent years and is an issue 

that numerous scientists study on various time and space scales. Over the past 100 years the 

increase in global average temperature was about 0.74°C and eleven out of the twelve years in 

the period 1995-2006 are listed among the top warmest years with reference to the historic 

beginning of recorded measurements by scientific instruments, i.e. 1880 [2]. Moreover, 

according to recent data [3], on a global scale, the decade 2001-2010 was the warmest ever 

recorded. 

 

 Recently, numerous studies have been conducted around the world concerning the impacts of 

global warming on the changes of ambient air temperature and energy consumption in built 

environment [4-12]. Two of the effects of climate change in Greek cities are the decrease of 

the frequency of occurrence of lower temperatures and the increase of the frequency of 

occurrence of higher temperatures [13,14] and at the same time, the appearance of UHI effect 

in several Greek cities [15, 18].  

 

As shown in Fig. 1, the annual average ambient dry-bulb temperature, calculated from records 

at the meteorological stations of the National Observatory of Athens (NOA) and of the 

Institute of Meteorology and Climatology of the Aristotle University of Thessaloniki 

(IMC/AUTh), appears an upward trend for both cities. The average increase is 0.63°C per 

decade in Athens and 0.57°C per decade in Thessaloniki, with the highest increase to be 

observed in the second decade for Athens and in the third decade for Thessaloniki [19]. 

 

Although many studies directed towards the impact of temperature and other climatic 

variables changes on heating and cooling loads and investigated the trends of energy 

consumption for heating and cooling in buildings, little research has been done on the impact 

of temperature changes and UHI effect on ventilation load [20, 21].  

 

The purpose of this study is to investigate the impact of changes in climate on the energy 

needed for ventilating buildings in Athens and Thessaloniki, with meteorological data of the 

last 3 decades (1983-1992, 1993-2002 and 2003-2012). For the purpose of the study, the 

ventilation load index (VLI), which is the total load [kWh] generated by one liter per second 

(l/s) of fresh air brought from the outdoor to indoor-space conditions over the course of a 

month or a period, is used. In energy terms, the VLI is the thermal energy which is required 

for the maintenance of the desired internal conditions in a building and is directly affected by 

outdoor temperature and humidity. The response of VLI to climate change, including its 

sensible and latent parts, was investigated and the causes for different change trends during 

daytime and night-time in the 3 decades, for the two cities, are discussed. 
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      a b  

 

Figure 1: Annual average temperatures from 1983 to 2012 (a) for Athens; (b) for Thessaloniki 

[19]. 

 

2 Calculation of the energy required for the ventilation of a building 

 

Ventilation is used to provide a clean, healthy and odor-free environment in building spaces, 

namely an acceptable Indoor Air Quality (IAQ). Ventilation refers to the process of 

introducing and distributing outdoor air into a building. There are several standards, building 

codes and guidelines, which give the minimum requirements for ventilation usually in l/s per 

person or in l/s per m2 of floor area. The outdoor fresh ventilation air is usually supplied to the 

building with the temperature and humidity of the occupied spaces. Usually, the ventilation 

air needs to be heated and humidified during the heating period, while cooling and 

dehumidification is required during the cooling period. The air is heated or cooled as it passes 

through the heating or cooling coils of the air handling units or ventilation devices. These 

coils are usually supplied with hot and chilled water or refrigerants. The air, as it passes 

across the cooling coils, is also dehumidified. The humidification of the air is accomplished 

by means of various types of humidifiers among which the steam humidifier is the most 

popular.  

 

Estimation of the heating, cooling, humidifying and dehumidifying loads is essential for the 

final decision on the magnitude of the outdoor air flow into a building. The designer of the 

HVAC system should know, from the first design stages, the amount of ventilation air that 

should be supplied and how the energy consumption is affected by a change of the total 

outdoor air supply. As the energy demands for ventilation are directly linked with climate 

warming and UHI effect, research on the impact of climate change on the ventilation load in 

buildings is of great significance 

 

2.1 Calculation formulas 

 

The calculation formulas for the ventilation loads in (W) are:  

i) load (sensible) for the heating of the air from the outdoor temperature to, to the desired 

indoor air temperature ti . 

                                                                                                            (1)   

ii) load (latent) for the humidification of the air from the outdoor humidity ratio Wo, to the 

desired indoor Wi. 
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                                                                                                                   (2)   

iii) load (sensible) for the cooling of the air from the outdoor temperature to, to the desired 

indoor air temperature ti . 

                                                                                                                    (3)   

iv) load (latent) for the dehumidification of the air from the outdoor humidity ratio Wo, to the 

desired indoor Wi:  

                                                                                                                    (4)  

where cp is the specific heat capacity of air (1 kJ/kgK ), ρ the air density (1.2 kg/m3), V the 

volumetric flow of outdoor ventilation air entering the building (l/s), ti the indoor air 

temperature (ºC), to  the outdoor air temperature (ºC), Wi  the humidity ratio of indoor air 

(kgH2O/kgdry air), Wo  the humidity ratio of outdoor air (kgH2O/kgdry air), and hfg the latent heat of 

vaporization (2500 kJ/kg). The subscripts o, i stand for the outdoor and indoor air, while s, l, h 

and c stand for the sensible and latent ventilation load for heating and cooling, respectively. If 

a volumetric air flow V of 1 [l/s] is assumed, then the result of each of the equations (1-4) is 

the load per volume flow in [W/l per s]. 

 

2.2 Desired indoor air conditions 

 

For calculating the ventilation loads mentioned above, indoor-space conditions are defined as:  

 

i) Heating period: 21°C dry bulb temperature and 40% relative humidity;  

ii) Cooling period: 26°C dry bulb temperature and 50% relative humidity.  

These set points are within the summer and winter comfort zones [22] and close to the 

recommended design conditions by codes and standards, as well as by the Greek Technical 

Guidelines [23]. 

 

2.3 Outdoor air climatic data 

 

Monthly bin data in six 4-hour periods of the day were used for the calculation of the 

ventilation loads. Bin data are the number of hours that the ambient dry-bulb temperature is in 

each of a set of equally sized intervals of ambient temperature with the corresponding mean 

coincident wet-bulb temperature, which is the mean of all wet bulb temperatures which 

coincide with the dry-bulb temperature readings in each interval. Ambient dry-bulb 

temperature bin data, in 2°C intervals, of the decades 1983-1992, 1993-2002 and 2003-2012 

for Athens and Thessaloniki were used for the scope of the present research [19]. The mean 

coincident wet-bulb temperature data were taken from previous temperature analysis 

researches, performed for the decade 1983-1992 [24, 25]. 

 

2.4 Calculation method - results 

 

For the calculation of the results, the year was divided in two periods; the cooling and the 

heating period. The first includes the months from May to October and the second from 

October to May. October and May were included in both periods because during these months 

the ventilation air may need heating in certain days and cooling in the rest. Usually, in these 
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two months, the temperature and the moisture content of ambient air are very close to the 

desired indoor air conditions so the ventilation air possibly needs no any processing at all.  

 

The energy required for the heating (sensible) and the humidification (latent) of the 

ventilation air is calculated by using the calculation formulas (1) and (2). These amounts of 

energy are equal to the ventilation loads multiplied by the number of hours of occurrence of 

each temperature interval. In the same way, the energy required for the cooling (sensible) and 

dehumidification (latent) of the air is calculated using formulas (3) and (4). The calculations 

are performed for every month of the year and in every temperature interval. Calculations 

were accomplished for the last 3 decades, in order to draw conclusions on the impact of 

climate change on the energy required for ventilation. 

 

The results for Athens and Thessaloniki are given in Tables 1 and 2 respectively. The tables 

contain the energy required, in kWh/l/s per period, for 24-hour ventilation of a building. This 

energy is the “ventilation load index” (VLI) and is separated into sensible and latent 

components. The distinction of sensible and latent energy is of special importance, because it 

encourages engineers to consider whether the ventilation or air conditioning system will, in 

fact, be capable of controlling temperature and humidity independently, as suggested by 

weather variations. 

Table 1: Changes of energy required (kWh/l/s per period) for the treatment of ventilation air 

in the last 3 decades – Athens 

      ENERGY REQUIRED FOR VENTILATION (Heating period in brackets) 

 SENSIBLE LATENT TOTAL LATENT/ SENSIBLE RATIO 

1983-1992 7.13 (54.60) 1.95 (9.29) 9.08 (63.90) 0.27 (0.17) 

1993-2002 9.98 (49.78) 2.63 (7.48) 12.61 (57.26) 0.26 (0.15) 

2003-2012 10.57 (49.02) 2.91 (7.23) 13.49 (56.25) 0.28 (0.15) 

Cooling period indoor conditions: t=26ºC, φ=50%  

Heating period (in brackets) indoor conditions: t=21ºC, φ=40% 

 

Table 2: Changes of energy required (kWh/l/s per period) for the treatment of ventilation air 

in the last 3 decades – Thessaloniki 

     ENERGY REQUIRED FOR VENTILATION (Heating period in brackets) 

 SENSIBLE LATENT TOTAL LATENT/ SENSIBLE RATIO 

1983-1992 4.09 (69.38) 6.32 (16.22) 10.41 (85.61) 1.54 (0.23) 

1993-2002 4.48 (66.20) 6.77 (15.00) 11.25 (81.21) 1.51 (0.23) 

2003-2012 5.93 (62.99) 7.80 (13.84) 13.73 (76.83) 1.31 (0.22) 

Cooling period indoor conditions: t=26ºC, φ=50%  

Heating period (in brackets) indoor conditions: t=21ºC, φ=40% 

 

The 24-hour operation of a ventilation system is of importance in buildings such as airports, 

railway stations, health care facilities, hotels and certain restaurants and places of assembly. 

However, not every building needs ventilation during all day long. In many cases, the 

ventilation system is in operation for shorter time periods, among which 8 and 12-hour 

periods are typical. Tables 3 and 4 give the total energy (sensible+latent) required (in kWh/l/s 

per period) for the treatment of ventilation air in three different operation schedules, namely 

8:00-16:00, 8:00-20:00 and 0:00-24:00, for the 3 decades. These operation schedules are 

representative for the most building types that use mechanical ventilation systems. Examples 

might include office buildings, educational buildings, commercial buildings stores etc. 
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It should be mentioned that the results given in Tables 1 to 4 express only the thermal energy 

that is transferred in the heating and cooling coils of the ventilation or air conditioning unit. 

The actual energy consumption is calculated by taking into account the performance of the 

primary equipment (chiller, boiler or heat pump, humidifier) and the operation conditions (full 

or partial load), but this calculation is beyond the scope of this paper. 

 
Table 3: Total energy required (kWh/l/s per period) for ventilation, in the last 3 decades, for 
different building operation schedules - Athens 

 

TOTAL ENERGY REQUIRED FOR VENTILATION (Heating period in brackets) 

 1983-1992  1993-2002 2003-2012 

8:00-16:00 6.44 (16.91)  8.29 (15.04)  7.15 (14.38) 

8:00-20:00 8.50 (26.38) 11.01 (23.40)  9.63 (22.63) 

24 hours 9.08 (63.90) 12.61 (57.26) 13.49 (56.25) 

Cooling period indoor conditions: t=26ºC, φ=50%  

Heating period (in brackets) indoor conditions: t=21ºC, φ=40% 

 

Table 4: Total energy required (kWh/l/s per period) for ventilation, in the last 3 decades, for 
different operation schedules – Thessaloniki 

 

TOTAL ENERGY REQUIRED FOR VENTILATION (Heating period in brackets) 

1983-1992  1993-2002  2003-2012 

8:00-16:00 5.97 (22.95)   6.51 (21.29)   7.52 (20.15) 

8:00-20:00 8.66 (35.49)   9.10 (33.16) 10.80 (31.29) 

24 hours                10.41 (85.61) 11.25 (81.21) 13.73 (76.83) 

Cooling period indoor conditions: t=26ºC, φ=50%  

Heating period (in brackets) indoor conditions: t=21ºC, φ=40% 

 

3  Discussion 
 
From the results given in Tables 1 and 2, it is concluded that the energy required for cooling 

and dehumidifying the ventilation air increases constantly through the last decades in both 

cities. In Athens, the total increase between the first and the last decade is 48.5%, while in 

Thessaloniki the increase is about 32% (see also Fig. 2a, Fig. 2b). In cooling period, the rising 

rates of sensible and latent energy are quite different. While the sensible part was increased by 

48% and 45%, the corresponding increase of the latent part was 49% and 23%, for Athens and 

Thessaloniki respectively. On the contrary, the energy required for heating and humidifying 

the ventilation air decreases from decade to decade. In Athens the total decrease between the 

first and the last decade is 13.5%, and in Thessaloniki about 11.5% (see also Fig. 2c, Fig. 2d). 

In winter period also, a difference between the decrease rates of sensible and latent energy is 

observed. While the sensible part was decreased by 11.5% and 10%, the corresponding 

reduction of the latent part was 28.5% and 17%, for Athens and Thessaloniki respectively. A 

differentiation in rising rates is observed also from decade to decade. The major increase in 

cooling and dehumidification loads, and respectively in energy for heating and 

humidification, occurred in Athens from the first (1983-1992) to the second decade (1993-

2002), while the differentiation of loads was much lower from the second to the third decade 

(2003-2013). Instead, in Thessaloniki the greater changes observed between the second and 

third decade. 
 
In Athens, during the cooling period, the sensible part of the VLI takes a dominated position, 

and the sensible to latent load ratio is kept relatively constant during the 3 decades with a 

variation in value from 0.25 to 0.27. Contrariwise, in Thessaloniki, the dominated part in VLI 

is the latent energy and the sensible to latent load ratio is varied from 1.54 to 1.27 going 
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through the first to the last decade. The reason for this is that Thessaloniki has higher relative 

humidity levels, since it is located near the sea, while Athens is in a more distanced location 

from the coastline, thus the moisture content in the external air, and consequently the energy 

for dehumidification, is higher. 
 
While cooling and dehumidifying energy demand for ventilation constantly grows, and 

heating and humidifying demand is reduced, greatly or slightly, the overall energy demand 

due to climate  
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Energy required for ventilation (kWh/l/s per period): Athens (a) Cooling and (c) 
Heating; Thessaloniki (b) Cooling and (d) Ηeating. 

 

warming decreases from decade to decade (see Tables 1 and 2). This means that the reduction 

in heating offsets and even exceeds the increase in cooling energy requirements, for both 

cities. 

 

As it was explained in section 2.4, this is the thermal energy which is transferred in the 

heating and cooling coils, and in humidifiers of the ventilation or air conditioning units, 

without taking into account the performance of the primary equipment and the operation 

conditions. 

 

From the first to the third decade during the cooling period, the increase of the energy 

demands for cooling and dehumidification of the outside fresh air in Athens, for an operation 

of the ventilation system during daytime (8:00-16:00 or 8:00-20:00), ranges from 11 to13%, 

while for a 24-hour operation the total increase is 49%. In Athens, these energy requirements 

were decreased from the second to the third decade for 8-hour and 12-hour operation, whilst 

for 24-hour operation were increased. The respective percentages in Thessaloniki are 26% for 

8-hour and 12-hour operation and 32% for 24-hour operation, while the increase is continuous 

through the 3 decades. The higher increase percentages in the case of 24-hour operation of the 
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ventilation system are observed because the increasing rate of energy for ventilation during 

nighttime was greater than during daytime.  It is worth mentioning that the energy required 

for ventilation was doubled and tripled during nighttime in both cities (see Fig. 3). Due to 

climate change, the night air temperatures are gradually rising and the difference between 

outdoor air temperature at night and in daytime progressively narrows, with the UHI effect to 

be considered as the main reason. In Athens this effect is more intensive since the NOA 

station is located in a more densely built-up area, 5m from the sea, while in Thessaloniki, the 

IMC/AUTh station is in a green area only 1 km from the sea. This is also the explanation of 

the fact that although the energy demands in the cooling period are increasing from decade to 

decade, the ratio of the energy required for cooling and dehumidification of the outside air in 

8-hour and 12-hour operation schedules (8:00-16:00 or 8:00-20:00) to the energy required in 

24-hour operation is  

Figure 3: Energy required for ventilation (kWh/l/s per period) in 8-hours intervals 

 Athens (a) Cooling and (c) Heating; Thessaloniki (b) Cooling and (d) Heating. 
 

decreasing (see Tables 3 and 4). This rising trend of air temperatures during night time, 

because of climate change and UHI effect, may seriously affect natural ventilation of 

buildings. 

 

During heating period, the ratio of the total energy required for the heating and humidification 

of the outside fresh air in 8-hour or 12-hour operation schedules, as compared to the energy of 

the 24-hour operation, are kept almost constant, in both cities. This means that night 

temperatures are rising with the same rate as daytime temperatures. This is very beneficial for 

the COP of air source heat pumps as well as for the size of heating equipment and fuel 

consumption for ventilation.  
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4 Conclusions 
 
This paper investigates the impact of climatic change on the energy demands for ventilating 

buildings in Athens and Thessaloniki, during the period from 1983 to 2012. For the 

calculation of the results, typical indoor conditions in buildings and ambient temperature and 

humidity recordings of meteorological stations in the two cities were used. Change trends 

were investigated to reveal the influence of local climate warming and of the UHI effect. The 

results show that due to climate warming, both sensible and latent energy requirements for 

ventilation load in buildings demonstrate an increasing trend during the cooling period, and a 

decreasing tendency during the heating period.  The highest increase was observed during the 

night time of cooling period, a fact which points out the UHI effect in urban areas. 

Nevertheless, the total energy demands of heating and cooling period show a downward 

trend, which means that the reduction in energy requirements for heating and humidifying 

offsets and even exceeds the increase in energy for cooling and dehumidification, a result that 

should be investigated in terms of actual energy use by taking into account the performance of 

the primary HVAC equipment. 
 
By taking into account the results of the present work and the future climate scenarios, a 

special attention to the building and HVAC system design should be taken. For example 

energy recovery systems, desiccant cooling and dehumidification, free-running strategies, and 

mixed-mode operation in ventilation can be adopted to lessen the dependence to conventional 

energy sources consumption. Furthermore, reducing the UHI effect by better urban planning 

and adopting of climate change scenarios into the design of new buildings is imperative. Of 

course, measures for reduction in the energy used to condition ventilation air must be 

achieved without impacting thermal comfort and health of occupants. 
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ABSTRACT 

Construction and Demolition Waste (CDW) stream constitutes the largest stream within the 

European Union (EU). Discarding waste without any pre-treatment provokes a considerable 

burden to the environment, which apart from soil and water contamination as well as air 

pollution, includes also aesthetic degradation, reduced property values, destruction of open 

spaces and landscape blight. Recycling of end-of-life building materials with the corresponding 

production of new exploitable materials, represents the modern trend in alternative waste 

management. In this paper, alternative CDW management strategies are compared with the use 

of Life Cycle Assessment tool, taking into account environmental criteria, such as energy 

consumption, global warming, depletion of abiotic resources and dispersion of dangerous 

substances. For the needs of the study, the SimaPro software package and the Ecoinvent v.3 

Life Cycle Inventory database are used.  

 

 

Αξιολόγηση εναλλακτικών πρακτικών διαχείρισης αποβλήτων 

από την κατασκευαστική δραστηριότητα με τη χρήση της 

μεθόδου της Ανάλυσης Κύκλου Ζωής 

Γ. Μπανιάς, Χ. Αχίλλας, Χ. Βλαχοκώστας, Ν. Μουσιόπουλος, Π. Ροΐδη και Χ. 

Καρκανιάς 

 

ΠΕΡΙΛΗΨΗ 

Τα απόβλητα εκσκαφών, κατασκευών και κατεδαφίσεων (ΑΕΚΚ) αποτελούν σήμερα ένα από 

τα μεγαλύτερα σε όγκο ρεύματα αποβλήτων. Η ανεξέλεγκτη απόρριψη των ΑΕΚΚ εκτός από 

τη ρύπανση του εδάφους, της ατμόσφαιρας και των υπογείων υδάτινων πόρων, έχει σημαντική 

επίπτωση και στην αισθητική υποβάθμιση της περιοχής απόρριψής τους. Η ανακύκλωση των 

δομικών υλικών σε κατάλληλες μονάδες διαχείρισης, με παράλληλη παροχή νέων 

εκμεταλλεύσιμων υλικών, αποτελεί τη σύγχρονη τάση της περιβαλλοντικής μηχανικής στην 

περιοχή της εναλλακτικής διαχείρισης απορριμμάτων. Η παρούσα εργασία επικεντρώνεται 

στην αξιολόγηση εναλλακτικών πρακτικών για τη βέλτιστη διαχείριση των ΑΕΚΚ με τη χρήση 

της μεθόδου της Ανάλυσης Κύκλου Ζωής και του λογισμικού SimaPro. 
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1 Introduction 

 

Construction and demolition wastes (CDW) constitute nowadays the largest by quantity 

fraction of solid wastes in Greece, as well as in other countries, especially in urban areas. In 

addition, it is widely accepted that the particular waste stream contain dangerous materials for 

the environment, such as insulating materials, plastic frames of doors and windows etc. 

Uncontrolled dispose of CDW leads to long-term pollution costs, resource overuse and wasted 

energy [1]. Neither the large CDW quantities, nor their economic value and burden to the 

natural environment resulted so far to the implementation of an integrated management policy 

for such materials at the end of their useful life in Greece [2]. 

 

In quantitative terms, the stream of C&D waste constitutes a significant proportion of all wastes 

within the EU-25, since the total amount generated is estimated to be roughly 180 million tones 

per year (excluding earth and excavated road material) [3]. Despite the significance of this 

particular stream of waste, in many countries there is a lack of accurate information on the field, 

as C&D waste is not studied separately from the rest municipal solid waste (MSW) stream [4]. 

 

Greece is among the countries indicating very low levels of CDW production (below 500 kg 

per capita yearly), based on estimates made by the European Commission. More specifically, 

the CDW production in Greece that is managed through licensed infrastructure is estimated in 

the order of 0.37 tons per capita per year. However, according to the European Commission 

and the relevant Framework Contract on the Sustainable Management of Resources, this figure 

is underestimated, as a realistic value may reach 0.94 tons per capita per year. According to 

experts, the very low amounts listed are due to lack of control by the public authorities, resulting 

into such inaccurate reports [3]. 

 

Up to recently, the most common practice in the field of CDW management was to discard all 

waste materials and debris to landfills, frequently in the same landfills that were used for the 

disposal of MSW [5]. This practice cannot in any case be considered as a proper management 

practice for end-of-life building materials. Even worse, there are many cases reported where 

CDW ended up in uncontrolled open dumps, not taking into account the severe burden imposed 

upon the environment [6]. The environmental and health impacts of such disposal and treatment 

methods for CDW include apart from the aesthetic degradation, soil and water contamination, 

air pollution as a result of fires, reduced property values, destruction of open spaces and 

landscape blight [7]. In addition, heaps of C&D waste may include asbestos waste, which poses 

a significant health risk, especially in building sites which are transformed into playgrounds 

and residential buildings [8]. 

 

Adopting the hierarchy of alternative waste management practices, disposal of CDW is located 

at the base of the pyramid and is the least preferred management option of end of life materials, 

following the avoidance, reduction, reuse and recycling [9]. CDW stream is characterized by 

high recoverability rate, since the recycling capability reaches 80 % [10]. To that end, it should 

be noted that there are countries with significant achievements in this area, such as Denmark, 

the Netherlands and Belgium that exceed the 80 % of recycling rate [11]. The best recycling 

practices are achieved in cases of lack of raw materials and disposal sites [12].  

 

Furthermore, recycling is an important aspect for maintaining areas for future urban 

development, as well as the development of local environmental quality [13]. Along with 

recycling practices, reuse can also be applied. For example, inert uncontaminated building 

materials at the end of their life can be used as filling materials for rehabilitation purposes [14]. 
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In this paper, alternative CDW management practices are compared with the use of Life Cycle 

Assessment tool, taking into account environmental criteria, such as energy consumption, 

global warming, depletion of abiotic resources and dispersion of dangerous substances for a 

specific case study (residential building). 

 

2 Materials and methods 
 

2.1 Methodology 

 

The LCA methodology has been adopted for the detailed environmental evaluation of various 

CDW management practices generated by the demolition of a five-storey building located in 

Thessaloniki, Greece (Table 2). LCA (According to ISO 14040) comprises of four major stages: 

(i) Goal and Scope Definition, (ii) Life Cycle Inventory (LCI), (iii) Life Cycle Impact 

Assessment (LCIA) and (iv) Visualisation of the results [15]. 

 

The “Goal and Scope Definition” phase defines: (i) the overall objectives, (ii) the boundaries 

of the system under study, (iii) the sources of data and (iv) the functional unit to which the 

achieved results refer to. Furthermore, the “LCI” consists of a detailed compilation of all 

environmental inputs (material and energy) and outputs (air, water and solid emissions) at each 

stage of the life cycle [16]. In addition, the “LCIA” phase aims to quantify the relative 

importance of all environmental burdens obtained in the “LCI” stage by analyzing their 

influence on the selected environmental effects. 

 

The general framework of an “LCIA” method (according to ISO 14042) is composed both of 

mandatory elements (classification and characterization) that convert “LCI” results into an 

indicator for each impact category and of optional elements (normalization and weighting) that 

lead to a unique indicator across impact categories using numerical factors based on value-

choices [17]. In this light, as there is neither consensus on weighting nor on the optimal 

weighting method to adopt, the LCIA phase was initially focused on the characterization step. 

To that end, eight indicators were considered: 

 

Table 1: Environmental Indicators of CML method [18] 
CED: Cumulative Energy Demand Indicator relevant to the total energy resource consumption  

GWP: Global Warming Potential Indicator relevant to the GH effect according to IPCC 

ODP: Ozone Depletion Potential Indicator relevant to stratospheric ozone depletion 

AP: Acidification Potential Indicator relevant to the acid rain phenomenon 

EP: Eutrophication Potential Indicator relevant to surface water eutrophication 

POCP: Photochemical Ozone 

Creation Potential 

Indicator of photo-smog creation 

HTTP: Human Toxicity Potential Indicator of consequences of toxic substances 

ADF: Abiotic Depletion Factor Indicator of fossil fuel extraction 

 

All above mentioned indicators –except from the one related to energy demand– are contained 

in the CML method. According to the ISO 14040 standard, in the last step of an LCA study, the 

results from the LCI and LCIA stages need to be interpreted in order to identify hot-spots and 

compare alternative practices. SimaPro 7 software application was used as a supporting tool in 

the framework of the present work in order to implement the LCA model and carry out the 

assessment. The study focused on the end of the life cycle of a real-world residential building, 

with emphasis on its end-of-life management. Inventory data from previous research were used 

as input data for the LCA modeling herein conducted, towards improving the local 

representativeness of the achieved results. 
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2.2 Functional unit and system boundaries 

 

As a case study, the demolition of an old five-storey building located in the city of Thessaloniki, 

Greece (functional unit) was adopted. Table 2, presents indicatively the constructional 

characteristics of the building under consideration. The analytical constructional details of the 

five-storey building were presented elsewhere [1]. 

 

Table 2: Building’s characteristics. 
Building features 

Number of floors: 5 

Number of flats: 15 

Total building area: 1020 m2 

Construction year: 2005 

Location: Municipality of Kalamaria, Thessaloniki 

 

Figure 1a illustrates the system’s boundaries. It is clearly depicted that only the last phase of 

building’s life cycle (end-of-life phase) has been included in the LCA model. Wastes produced 

by demolition include metals (steel, aluminum, copper, and zinc), inert wastes (tiles, concrete, 

bricks, ceramic materials, stones, clinker), wood, plaster, plastic (PVC), glass, and insulation 

materials. Hence, the wastes produced by this demolition (system boundaries) are summarised 

in Table 3 [10]. 

 

Table 3: CDW quantities. 
Material Quantity (t) Material Quantity (t) 

Concrete 1778,8  Plastic (pipes) 0,3 

Bricks 90,3 Aluminum 8,6 

Ceramic tiles 15,8 Iron and steel (heating coil) 1,1 

Sanitary ware 1,4 Iron and steel (boiler) 0,3 

Marbles 8,4 Iron and steel (pipes) 1,5 

Wood 4,1 Cables 0,2 

Glass `2,5 Insulation materials 1,5 

 

2.3 System expansion 

 

Figure 1b illustrates system’s expansion. It can be clearly seen that by extending the system 

boundaries the following processes are also taken into account: (a) The mining of raw materials, 

(b) The transfer of the materials and (c) Production and manufacturing processes, since 

procedures of reuse, recycling or incineration did not take place. In this light, towards disclosing 

the environmental gain achieved, through the proposed CDW management practices, the 

environmental burdens of the production processes were excluded from the LCA model [19]. 

 

2.4 Inventory Analysis 

 

Towards optimal CDW management, nine practices have been considered. The proposed CDW 

management practices represent the different possible strategies that can be adopted by 

construction industry stakeholders (i.e. constructors, engineers, public authorities, etc). Each 

CDW management practice has different environmental, economic, and social consequences. 

The nine CDW management practices (called PI–P9) are presented in the material to follow. It 

should be highlighted that all CDW management practices are realistic and technically possible.  

 

The philosophy of the proposed CDW management practices is focused towards reuse, 

recycling, energy recovery and final disposal in landfills [20]. In this light, the proposed 
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Figure 1: System boundaries (left) and expansion (right). 

 

management practices [2] are the following: 

- Practice 1 (P1): In this practice, the five-storey building is demolished without sorting of 

the different materials. The wastes of this demolition are dumped to landfills. 

- Practice 2 (P2): The five-storey building is also demolished without sorting of different 

constituents, but after demolition, the wastes go to a sorting platform for construction and 

demolition waste. After sorting of the different fractions of wastes, metals are recycled 

while all other categories of waste go to a landfill. 

- Practice 3 (P3): In this practice, the five-storey building is also demolished without sorting 

and wastes go to the sorting platform. After sorting, metals are recycled and inert wastes 

are recovered in road engineering. Non-hazardous solid wastes (woods, plastics) are burned 

in an incinerator. Energy produced by incineration is recovered in electricity and in thermal 

power.  

- Practice 4 (P4): The first step of this practice is the selective deconstruction of the five-

storey building, i.e., all non-hazardous and hazardous components are removed before 

demolition of the building structures. Each waste type, except metals and glass, which are 

recycled, go to sanitary landfills.  

- Practice 5 (P5): As in Practice 4, the first step is the selective deconstruction of the five-

storey building before demolition. Inert wastes are recovered in road engineering. Metals, 

glass and insulation are recycled. Wood wastes are used as fuel for district heating, and 

other non-dangerous wastes go to a landfill. 

- Practice 6 (P6): The difference between this practice and Practice 5 is that inert wastes are 

used to produce new concrete blocks as raw material. The making of concrete blocks with 

recycled aggregates requires the addition of natural aggregates and increasing of the cement 

content in relation to standard concrete block composition, in order to have the same 

technical characteristics of usual concrete blocks. 

- Practice 7 (P7): The first step of this practice is the selective deconstruction of each 

building before demolition of their structures. Inert wastes are recovered for use in 

aggregates for road engineering. Metals, wool, PVC and insulation are recycled. Wood 

wastes are used to make particle board.  

- Practice 8 (P8): The only difference between this practice and Practice 7 is that inert wastes 

are used to produce new concrete blocks, as in the Practice 6. 
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- Practice 9 (P9): This practice is the same as Practice 7, except that wood wastes are used 

as fuel for district heating [2]. 

 

3 Results and discussion 
 

In order to investigate the optimal CDW management strategy (“LCIA” stage) towards the 

minimisation of the environmental burden, a comparative analysis of the nine proposed 

practices was carried out with the use of SimaPro software package and the Ecoinvent v.3 Life 

Cycle Inventory database. Figure 2 (top) illustrates the environmental impact of the proposed 

CDW management practices with respect to the seven environmental indicators introduced by 

CML method, while its numerical results are presented in Table 4. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: CDW practices’ Environmental Impact, EI (top) and EI of practices 3 and 5-9 

(bottom). 
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It can be clearly seen that P1, P2 and P4 have the most severe environmental impact. Thus, in 

order to obtain a clearer view of the CDW management practices’ environmental impact, a 

comparative graph was carried out with the later practices excluded (Figure 2 bottom). In 

addition, the results for the “CED” indicator are presented in Figure 3 (top), while its numerical 

results are presented in Table 5. It should be highlighted that SimaPro software has the ability 

to visualize the Environmental Impact through the “Network Process” depicting the 

environmental impact of CDW management practices graphically. To that end, for each CDW 

management practice, graphical network visualization has been created. Indicatively, Figure 5 

at the end of the manuscript illustrates the “Network Process” for P9 the “CED” environmental 

indicator. It should be noted that red lines indicate the environmental burdens, while green lines 

depict the environmental benefits. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: CDW practices’ Environmental Impact, EI for the “CED” indicator (top) and EI of 

practices 3 and 5-9 (bottom). 
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It can be easily concluded that P7 appears to be highly robust, as it is the best available CDW 

management practice for five (5) out of eight (8) CML’s environmental indicators 

(photochemical smog, climate change, acidification, depletion of abiotic resources and 

cumulative energy demand). Furthermore, P7 ranks fourth (4) for the three remaining CML’s 

environmental indicators (human toxicity, reduce of stratospheric ozone and eutrophication). 

P9 also appears to be stable, as it ranks first (1) for indicators of eutrophication and human 

toxicity. The uncontrolled dumping of CDW (P1) can be characterized as the practice with the 

most severe environmental burden. Table 6 depicts the CDW management practices ranking. 

 

Table 4: Numerical results of CDW practices’ Environmental Impact 
 Environmental indicator 

CDW 

Management 

Practice 

ADF AP NP GWP100 ODP HTP POCP 

kg Sb 

eq 

kg SO2 eq kg PO4 eq kg CO2 eq kg CFC-11eq kg 1,4-DB 

eq 

kg C2H4 eq 

P1 286 199 55,9 3,98·104 0,006 1,71·104 6,42 

P2 229 160 45,1 3,2·104 0,005 1,92·104 5,13 

P3 1,02 1,32 0,575 918 2,93·10-5 3,03·103 0,02 

P4 258 179 50,5 3,6·104 0,005 1,81·104 5,77 

P5 -0,12 2,03 0,95 345 0,0001 3,03·103 0,0039 

P6 1,92 2,54 0,845 461 0,0001 1,64·103 0,04 

P7 -2,92 0,994 0,715 24,6 8,61·10-5 2,95·103 -0,04 

P8 -0,47 1,64 0,622 161 6,15·10-5 1,58·103 0,007 

P9 -0,63 1,45 0,58 137 5,85·10-5 1,56·103 0,002 

 

Table 5: Numerical results of CDW practices’ Environmental Impact for the “CED” indicator 
CDW 

Management 

Practice 

Environmental indicator 

Average Nonrenewable- 

fossils 

Nonrenewable- 

nuclear 

Nonrenewable- 

biomass 

Renewable- 

biomass 

Renewable-

wind, solar, 

geothermal 

Renewable- 

water 

MJ MJ MJ MJ MJ MJ MJ 

P1 6,62·105 6,29·105 2,66·104 1,08 892 229 4,79·103 

P2 5,33·105 5,07·105 2,1·104 0,878 721 185 3,88·103 

P3 2,75·103 2,98·103 -236 0,00448 3,38 -7,98 7,02 

P4 5,99·105 5,7·105 2,39·104 0,986 809 207 4,35·103 

P5 723 568 17,1 0,033 21,1 5,74 111 

P6 4,94·103 4,64·103 191 0,026 16,8 4,74 86,5 

P7 -5,8·103 -5,55·103 -341 0,02 13,2 3,78 66,9 

P8 -661 -585 -127 0,013 8,47 2,7 39,3 

P9 -1·103 -935 -134 0,012 8,17 2,57 38,4 

 

Table 6: Ranking of waste management practices 
Environmental indicator 

 

Ranking  

1st  2nd  3rd  4th  5th  6th 7th  8th  9th  

Photochemical ozone creation P7 P9 P5 P8 P3 P4 P2 P6 P1 

Human toxicity P9 P8 P6 P7 P5 P3 P1 P4 P2 

Ozone depletion P3 P9 P8 P7 P6 P5 P2 P4 P1 

Global warming P7 P9 P8 P5 P6 P3 P2 P4 P1 

Eutrophication P9 P3 P8 P7 P6 P5 P2 P4 P1 

Acidification P7 P3 P9 P8 P5 P6 P2 P4 P1 

Abiotic depletion P7 P9 P8 P5 P3 P6 P2 P4 P1 

Cumulative energy demand P7 P9 P8 P5 P3 P6 P2 P4 P1 
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4 Conclusions  
 

CDW can be considered as a top priority waste stream, with respect to the waste management 

strategy followed by the European Union (EU Waste Strategy). It should be emphasised that, 

the promotion of deconstruction (selective demolition), the use of environmental friendly 

building materials, the replacement of hazardous substances and materials, the development of 

Construction Materials’ secondary market and the adoption of stricter legislation framework 

are measures that need to be considered towards emerging the principles of sustainable 

development in the construction industry. 

 

A waste management strategy is not effective without a good sorting of different wastes. For 

inert wastes, recovery in aggregates for road engineering is a better solution than the use of 

these aggregates to produce concrete blocks. The poor technical characteristics of recycled 

aggregates that are involved in the making of concrete blocks are not environmentally and 

economically efficient in comparison to concrete blocks produced with natural aggregates.  

 

Local authorities will be able to use the results of this study to provide guidelines for future 

demolition of buildings. In addition, the urban community could use the environmental 

indicators and the method that were used in this study to choose other sustainable strategies 

within the community. 

 

 
 

Figure 5: Environmental Impact of P9 for the “CED” indicator. 
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Design of a Geographic Information System as a tool for 

Enhanced Landfill Mining: An implementation in Central 

Macedonia, Greece 

G. Perkoulidis and N. Moussiopoulos 

 

ABSTRACT 

Enhanced Landfill Mining requires technological, economic and environmental innovation. In 

the present manuscript, an efficient tool in Geographic Information System for Enhanced 

Landfill Mining planning was developed and implemented for the Region of Central 

Macedonia, Greece. Having gathered the data from a successful pilot run during the Polygyros 

landfill mining, mean value indicators were created and the potential of metal recovery was 

explored in the frame of Enhanced Landfill Mining and within the context of a future transition 

to a circular, low carbon economy. Furthermore, the proposed system could be used by 

decision-makers for landfill reclamation, which is a relatively new approach used to expand 

municipal solid waste landfill capacity and avoid the high cost of acquiring additional land. 

 

 

 

Σχεδιασμός ενός γεωγραφικού συστήματος πληροφοριών ως 

εργαλείου για τη βελτίωση της εξόρυξης των αποβλήτων από τους 

χώρους διάθεσης: Εφαρμογή στην Κεντρική Μακεδονία, Ελλάδα 

Γ. Περκουλίδης και Ν. Μουσιόπουλος  

 

ΠΕΡΙΛΗΨΗ  

Η βελτίωση της εξόρυξης των αποβλήτων από τους χώρους διάθεσης απαιτεί την εφαρμογή 

τεχνολογικών καινοτομιών με περιβαλλοντικά και οικονομικά οφέλη. Στην παρούσα εργασία, 

σχεδιάσθηκε και εφαρμόσθηκε ένα αποτελεσματικό εργαλείο σε γεωγραφικό σύστημα 

πληροφοριών για την Περιφέρεια της Κεντρικής Μακεδονίας. Έχοντας συγκεντρώσει τα 

δεδομένα από μια πιλοτική εφαρμογή που πραγματοποιήθηκε με επιτυχία κατά την εξόρυξη 

του χώρου διάθεσης αποβλήτων στον Πολύγυρο, δημιουργήθηκαν δείκτες μέσων τιμών και 

εξετάσθηκε η ανάκτηση μετάλλων από την εξόρυξη για τη μελλοντική μετάβαση σε μια 

κυκλική οικονομία χαμηλού άνθρακα. Επιπρόσθετα, το προτεινόμενο σύστημα μπορεί να 

φανεί εξαιρετικά χρήσιμο στους υπεύθυνους λήψης αποφάσεων για την ποιοτική 

αποκατάσταση των χώρων διάθεσης, η οποία είναι μία σχετικά νέα προσέγγιση που 

χρησιμοποιείται για την αύξηση της δυναμικότητας των χώρων υγειονομικής ταφής στερεών 

αποβλήτων με αποφυγή του υψηλού κόστους απόκτησης πρόσθετης έκτασης. 
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1 Introduction 
 

Enhanced Landfill Mining (ELM) was defined as the safe conditioning, excavation and 

integrated valorisation of (historic and/or future) landfilled waste streams as both material and 

energy, using innovative transformation technologies and respecting the most stringent social 

and ecological criteria [1]. The flow diagram for closing the circle started with the capturing 

and the valorisation of the landfill gas and the processing of the leachate offering clean water 

to the site and its environment has been defined as general enhanced landfill mining process 

and is given in Figure 1 [2].  

 
Figure 1: General Enhanced Landfill Mining process flow diagram for closing the circle. 

APC: Air-Pollution-Control, CCS: Carbon dioxide capture and storage, ELFM: Enhanced 

Landfill Mining, RDF: Refuse-derived fuel, WtE: Waste-to-Energy, WtM: Waste-to-Material [2]. 
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Landfills could be transformed from a major cost to society (contribution to global warming. 

groundwater pollution, occupation of valuable land) into a resource recovery opportunity [3-5].  

Seventy two landfill sites which were geographically spread out across the Flemish Region for 

estimating the potential for landfill mining where the surface area was based on the dimensions 

of the corresponding plots as recorded in the land register. Furthermore, other data relating to 

the characteristics of the area around the landfill site were gathered, such as the positioning 

within the regional land use plan, groundwater vulnerability, distance to the road, waterway or 

railway [6]. As far as the greenhouse gas emissions were concerned, waste in shallow open 

dumps generally decomposed aerobically and produced little CH4 and the emissions decline in 

shorter time than the anaerobic conditions. Only managed and also deep unmanaged solid waste 

disposal sites were able to create anaerobic conditions [7].  

 

Aim of the present work was the design and implementation of a geographic information system 

(GIS) to be used as a simulation tool for promoting landfill mining in the Chalkidiki and Serres 

prefectures, Region of Central Macedonia, Greece. The methodology used for designing the 

geographic information system for enhanced landfill mining is shown in Figure 2. Mining and 

treatment cost (€/t) as well as the indices for material recovery (%) were calculated based on 

the pilot waste excavation results from the former landfill in Polygyros, Chalkidiki prefecture. 

Furthermore, valuable recyclable materials as metals and plastics were calculated in prefectural 

level and finally the profit from selling recyclables (€) from former landfills was estimated. 

 
Figure 2: Methodology framework used for designing the GIS for enhanced landfill mining. 

 

2 Materials and methods 
 

2.1 The Reclamation Process 

 

Landfill mining was defined as “a process for extracting materials or other solid natural 

resources from waste materials that previously have been disposed of by burying them in the 
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ground” [8]. Landfill reclamation was conducted in a number of ways, with the specific 

approach based on project goals and objectives and site-specific characteristics.  

 

In general, landfill reclamation was followed by those steps [9]: a) excavation, b) soil separation 

(screening), c) processing for reclamation of recyclable material or disposal. Landfill mining of 

historically landfilled pre-consumer and post-consumer waste streams has been one way to 

close materials loops in a circular economy. 

 

2.2 Primary data analysis  
 

A demonstration of a pilot-scale installation for waste processing at the Polygyros landfill site 

in the Chalkidiki prefecture of the Region of Central Macedonia took place in the frame of the 

LIFE RECLAIM project [10]. The project aimed to construct a temporary pilot application that 

would mine parts of existing landfills, separate useful materials and produce suitable products 

(concentrates), both ferrous and non-ferrous, which could be fed into a metallurgical process. 

The application included a pre-processing and processing production line, as well as a 

beneficiation stage for non-ferrous metals, introducing innovation elements from the mining 

industry. 

 

From the analysis of primary data from the pilot implementation of landfill mining in 

Polygyros, Chalikdiki Prefecture, Region of Central Macedonia in the frame of the LIFE 

RECLAIM project, indices were produced, which concerned the material recovery from 

disposed waste. Thus, it was apparent that the 10% of the total quantity of mining was useable, 

i.e: a) 3.4% w/w mixed hard plastic (Polypropylene, High Density Polyethylene, Polyethylene 

Terephthalate), b) 5.6 % w/w of plastic film (bags etc.), c) 0.3% w/w aluminum cans, d) 1% 

w/w ferrous material and e) 0.3 % w/w glass. The income from the 581 t (1,280 m3) of recovered 

material resulted from the pilot mining in Polygyros, Chalkidiki prefecture, varied from 383 – 

4,603 €.  

 

Thus, by dividing the income by the total excavated wastes mass from the former landfill site 

in Polygyros, the eventual revenues index was calculated from 0.66 to 7.92 €/t. In view of the 

fact that the mining and treatment cost was 35 €/t, the net cost was determined from 27.1 to 

34.3 €/t.  

 

Furthermore, there were available data on the operation of waste disposal site since 1994 and 

for that reason, it was assumed that in at least 21 years, 168,000 t (= 21 years x 8,000 t/y) were 

disposed in the dump. From the disposed waste mass of 168,000 t, the recyclable waste was 

calculated to be 16,800 t (= 10% x 16,800 t). Based on statistical data of 2016, the average 

Greek citizen had been supposed to annually produce 0.51 t of municipal solid waste. Thus, an 

index giving the price for mining waste per citizen and year was ranged from 13.82 to 17.49 €. 

 

3 Results 
 

In the LIFE reclaim project, a survey was conducted of landfills in Greece and also in other 

parts of European Union, in which there would be interest for the development of landfill 

mining. Operating and old controlled waste disposal sites were included in this registration. The 

results of this monitoring have been incorporated in a geographic information system 

application, where the capacity of former uncontrolled landfills in each of the seven prefectures 

(1: Chalkidiki, 2: Serres, 3: Kilkis, 4: Pella, 5: Imathia, 6: Pierria and 7: Thessaloniki) in the 

Region of Central Macedonia, was recorded. (Figure 3). 
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Figure 3: Presentation of closed uncontrolled landfills in Greece in the developed geographic 

information system for the enhanced landfill mining. 

 

Using information as the density of disposed waste and the mining revenue from the pilot 

implementation in Polygyros, Central Macedonia, the economic basics from possible mining 

of other uncontrolled landfill in the region, were estimated. Due to the fact that there were not 

sufficient data for all sites in the Region, the lower capacity of disposed waste was defined to 

15,500 m3. As it can be seen by Figure 4, only in two prefectures (mainly in Chalkidiki and to 

a lesser extent in Serres), the assessment of material recovery from landfill mining took place.  

 
Figure 4: The location and capacity (m3) of former landfill sites and their waste potential for 

mining in the prefectures of Chalkidiki and Serres of the Region of Central Macedonia. 
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Using the material recovery indices exported from the pilot project in Polygyros for materials 

as mixed hard plastic, plastic film, aluminum, ferrous metals and glass, the results obtained 

concerning the material recovery from landfill mining in Chalkidiki and Serres prefectures are 

presented in Figure 5. The number of registered municipalities in the two prefectures where 

twelve. Sixed of them belonged to Serres prefecture (Amfipoli, Visltia, Emmanouil Pappa, Nea 

Zichni, Serres and Sintiki) and six belonged to Chalkidiki prefecture (Irakelia, Aristotle, 

Kassandra, Nea Propontida, Polygyros and Sithonia). 

 

 
 

Figure 5: The annual potential of material recovery (t) from the waste mining in six 

municipalities of Chalkidiki prefecture and in six municipalities of Serres prefecture. 

 

The above mentioned municipalities from the two prefectures were established in 2011 with 

Kallikratis programme (Greek law 3852/2010). Despite the fact that Serres had the greater 

population (80,000 citizens) in accordance with the Greek Statistical Authority, it was not clear 

the starting year of uncontrolled landfills in the municipality. Thus, it was not at all so clear the 

amount of waste that could be excavated and it was assumed that only 62,000 m3 of waste was 

disposed in the four former uncontrolled landfills of the municipality. On the other hand, 
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Polygyros seemed to have the higher potential for material recovery, where the excavated mixed 

hard plastic was estimated to 4,194 kt and ferrous metals to 1,233 kt, while aluminum and glass 

recovery could be 370 kt (Figure 6). 

 

 
 

Figure 6: The assessment of material recovery prospects through the excavation of former 

uncontrolled landfill sites in two prefectures of the Region of Central Macedonia. 

 

The revenue of the potential sale of the excavated material that could be in an ‘end-of-waste’ 

status and to be considered as recycling material, varied from €387 to €4,640 million. The 

variation of the value was due to the offers that were made during the capital controls imposed 

on Greece in the year 2015.  

 

Naturally, the excavation cost of 35 €/t was much bigger than the revenues generated by the 

sale of recyclable waste. If, however, all revenues were added up from the put back into use of 

degraded land and from subsidies, then the landfill mining could a viable solution for solid 

waste management with many environmental benefits to society as the restoration of nature that 

should be evaluated by Cost Benefit Analysis. 

 

4 Conclusions 
 

The designed geographic information system was used as a tool for enhanced landfill mining 

due to the fact that it utilised indices as the actual net mining cost (€/t), the eventual revenue of 

the mining mass (€/t) and the material recovery. Furthermore, it was implementing for 

evaluating the potential of recovered materials in the prefectures of Chalkidiki and Serres. The 

greater capacity for material recovery was observed in Chalkidiki prefecture and especially in 

the municipalities of Polygyros, Nea Propontida, Kassandra and Aristotle. 

 

The proposed geographic information system could be used for the reclamation planning 

process of the former landfills in the Region of Central Macedonia because it additionally can 

supply the access roads, providing thus a reverse logistics network for the reuse or recycle of 

mined materials. In this situation, the disposal year of waste should be taken into account due 
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to the fact that it affects the quality of mined waste, while the energy recovery potential from 

materials with high heating value should be assessed as well.  

 

Abbreviations 

 

APC Air-Pollution-Control 

CCS Carbon dioxide capture and storage 

ELFM Enhanced Landfill Mining 

RDF Refuse-derived fuel 

WtE Waste-to-Energy 

WtM Waste-to-Material 
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ABSTRACT 

Pay-As-You-Throw project aimed at improving recycling efficiency by providing incentives 

and tools to citizens through the development of an innovative dual bin waste collection and 

user identification system. In this paper, the aspects of PAYT project are addressed, while the 

advantages of the prototype waste bins are presented. 
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Χ. Καρκανιάς, Α. Μαλαμάκης, Σ. Κοντογιάννη, Λ. Σομάκοςa, Γ. Χατζηστέλιοςb, 

Θ.Ρ. Χασαπίδηa, Σ. Τσαλίδηςc, Χ. Λυκουρέντζοςd, Κ. Αραβώσηςa, Σ. 

Τατσιόπουλοςb, Ν. Μουσιόπουλοςa 
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cHelesi, Ελληνική Βιομηχανία Περιβαλλοντικών Συστημάτων, Αττική 
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ΠΕΡΙΛΗΨΗ 

Το ερευνητικό πρόγραμμα Πληρώνω-όσο-Πετάω είχε ως στόχο τη βελτίωση της 

αποδοτικότητας της ανακύκλωσης μέσω της λειτουργίας καινοτόμου συστήματος συλλογής 

αποβλήτων. Το σύστημα αποτελείται από δύο κάδους και παρέχει τη δυνατότητα ταυτοποίησης 

του χρήστη. Στη παρούσα εργασία αναλύονται τα αποτελέσματα του έργου. 
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1 Introduction 
 

A Pay-As-You-Throw (PAYT) scheme charges waste management services proportionally to 

the quantity of waste produced from each household. PAYT scheme is adjusted according to 

the waste collection and charging method used in each municipality. Different settings are used 

each time according to the weight or volume of waste while depending on the local economic 

and social conditions [1].  

 

A wide area of PAYT implementation can rarely be found globally except for a small number 

of countries such as Luxembourg or small regions in countries where national legislation 

include provisions regarding the application of this programme (e.g. Switzerland). Moreover, 

Germany, which is considered to be one of the most advanced countries in terms of PAYT 

application, just about half of the municipalities have adopted some forms of this mechanism 

for the charging of their waste services until today. On the other hand, PAYT has become a 

practical reality in about one fourth of the communities in the U.S.A. The Netherlands, Ireland 

and Denmark come close to such a coverage rate. In Greece finally, no PAYT system has been 

implemented up to now in an extensive scale rather than just in a pilot/demo project. It is evident 

that the majority of municipalities worldwide still adhere to other schemes than PAYT to 

recover their waste management costs and funding waste management [2]. The overall goal of 

the project was not only the application of a PAYT system in a given municipality in Greece, 

but also the development of a novel and marketable infrastructure, which can easily be adopted 

by the municipality authorities. 

 

2 Materials and Methods 

 

PAYT project (http://aix.meng.auth.gr/paytproject) addresses two fields: information 

technologies and recycling operations, both of which constitute top priority areas for EU policy 

& research and aims at the commercial exploitation by the incorporation of “smart” 

technologies within the recycling process and logistics, which will enhance the modernization 

and cost-effectiveness of related waste recycling activities, keeping citizens’ needs on the top. 

Those fields were served by the implementation of well-structured activities hereafter analysed. 

 

In this paper three research areas are analysed including a) technical description of PAYT 

system, b) structure of the questionnaire addressed to the community and analysis of the 

research followed and c) analysis of the results regarding the level of use of the waste bins’ 

system installed in the municipality of Kifissia, Greece. 

 

2.1 Stakeholders’ research 

 

Questionnaire structure and its objectives 

This deliverable presents the three questionnaires as drafted and aimed to explore the 

knowledge, attitudes, intentions and practices prevailing among the wider public and adopted 

by public and private institutions on issues related to waste management. The objective of the 

survey was to investigate both the knowledge of citizens regarding PAYT systems and their 

intention to participate in such programmes developed by local authorities. The survey was 

conducted from February to May 2014 and the target population for the first questionnaire was 

citizens from all Greek municipalities, while the second one addressed to local authorities and 

the third questionnaire to companies engaging to PAYT systems.  

The survey conducted through a questionnaire which mainly included closed type questions 

with mutually exclusive answers, answers on a regular scale and multiple choice answers. 

http://aix.meng.auth.gr/paytproject
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Closed type questions were selected as their completion is easier by the respondents and thereby 

the number of participants is bigger. Moreover, open type questions seem to have some 

significant drawbacks over closed-type ones in such surveys. However, researchers 

acknowledge that closed type questions probably do not cover the full range of responses [3], 

particularly in terms of questions that examine hypothetical scenarios. To balance this 

disadvantage special attention was given so that the content of the replies covers the widest 

possible range of responses. Furthermore, the questions examining hypothetical scenarios were 

based on findings from related preceding studies. The questions and answers were expressed 

clearly and it was given attention to the style and the language used taking into account the 

research subject and the population it involved [4]. 

   

Additionally, the design of the questionnaire took into account another measure in order to 

overcome the problem of incomplete data (missing data). The questionnaire was structured in 

such a way that it is repeated cyclically from the first to the last question. Thus, during each 

iteration cycle of the questionnaire only those questions not answered earlier could appear to 

the interviewee. The cyclical repetition of non-answered questions continued until the 

interviewee, having answered all the questions, sees a relevant information message informing 

them at the end of questions. The answers and data of the participants in the survey were 

electronically collected in a Microsoft SQL Server database. Finally, the sample analysis was 

complemented after the data extraction by using Microsoft Office Excel and the Statistical 

Package for the Social Sciences (SPSS – PASW Statistics 20). The questionnaires were posted 

on the official website of PAYT program as well as on other websites engaged to waste 

management issue. 

 

The questionnaire was accessible to every visitor of the aforementioned websites and its 

submission was done anonymously. The interviewees were informed in advance regarding the 

survey’s goal and participated voluntarily. The main goal of this survey was: 

• to investigate the participants’ knowledge on waste management,  

• to explore their availability to participate in programs such as PAYT and 

• to identify the characteristics for a successful PAYT system, according to which each 

household is financially rewarded or charged depending on the amount of waste it produces. 

 

The questionnaire addressed to citizens consisted of 4 parts: 

• 1st Part: Respondents’ profile  

• 2nd Part: It involved the citizens’ knowledge on waste management issue. The respondents 

were asked to rank what they consider important in waste management, to state their habits in 

terms of generating waste, to state if they were available to change their habits in order to 

participate in a PAYT system as well as to indicate their level of knowledge regarding 

composting and recycling. 

• 3rd Part: It explored citizens’ knowledge on the current billing policy for garbage collection 

and their opinion on how they would like to be charged through a PAYT system. They are also 

asked to evaluate the level of current waste collection services and to declare in which actions 

/ activities they would take part in order to achieve a lower charge through a PAYT system. 

• 4th Part: The respondents were asked to set the goals, from a variety of choices, of a successful 

PAYT system and determine how to be rewarded through their participation in the programme. 

 

The survey’s target was to investigate the importance of the PAYT system’s goals concerning 

the participants derived from a Public Entity (e.g. municipality) 

• creating recycling and composting infrastructure, ensuring waste production reduction  

• reducing the Municipality’s costs 
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• creating resources from reciprocating recycling 

• improving the citizens’ quality of life  

 

The interviewees were asked to answer a series of questions expressing their opinion on whether 

a set of actions such as fair cost per household can contribute in achieving the final goal. 

Furthermore, the participants were asked to express their opinion about the optimal for them 

systems (e.g. recycling bins, home/municipal composting, green points) in reducing the amount 

of waste ending up in landfill sites. 

 

Finally, the respondents to the questionnaire were asked to provide information regarding 

recycling programmes running in their area, while indicating the reasons for possible absence 

of such programmes of waste management policies adopted by the municipal authorities. At 

the same time, the interviewees were invited to express their opinions concerning the impact of 

applying a PAYT system in their municipality. The questionnaire included also questions 

regarding the possible motives for participating in a PAYT system. Another purpose of this 

research was to investigate the interaction between the market and PAYT systems. For this 

reason, the participants in the survey representing their companies were called to answer a series 

of questions concerning their companies’ activation in the implementation process of PAYT 

systems as well as presenting the problems faced during the implementation. 

 

Identifying commonalities and differences among stakeholder groups 

The analysis of the research results indicates common views between citizens, public bodies 

and companies briefly presented below: 

• Institutions and citizens agree that environmental protection prevails over any other benefit. 

• The knowledge level is characterized as moderate regarding all groups of interviewees. 

• Financial incentives are a key factor for a successful implementation of alternative municipal 

solid waste management schemes. 

 

2.2 Waste collection 

 

Waste collection in the frame of PAYT system takes place with the use of an innovative dual 

waste bin as shown in Figure 1.  

 

 
Figure 1: Dual waste bin used in a PAYT system. 

 

PAYT systems are developed in three stages: a) identification, b) weigh of waste amount and 

c) charging based on the amount of the disposed waste. There exist two ways for the 

identification including the ID of the user or the identification of the waste bin. In the first case, 
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the user (household) participating in the system is identified by using its key or through RFID 

technology and radio frequency. In the second case, the waste bin that corresponds to a specific 

household is identified by using barcode, transceiver or pre-paid cards (Figure 2).  

 

On the other hand, weighing can be done either by weight or by volume of the disposed waste. 

The first option corresponds at the weighing of the waste disposed from each user or of the total 

amount of waste each bin contains by using a scale installed at the bin’s bottom or at the waste 

collection vehicle or through the existence of a special chamber for weighing each waste bag. 

Furthermore, weighing the waste volume can be done through the use of inlet hopper, 

ultrasounds or pre-paid bags of specific volume. Finally, charging should take into account the 

size of the waste bin, the waste collection frequency and the results of weighing. 

  

 

Figure 2: Identification of a PAYT system. 

 

3 Results and discussion 

 

3.1 Research analysis 

 

As mentioned above the survey included citizens, public bodies and companies. In terms of 

citizens, the research analysis revealed the following regarding the implementation of rational 

waste management schemes. Citizens are not generally satisfied with the current situation 

concerning waste management policy and its results. The fact that the vast majority of them are 

not aware about the waste management charging policy along with the incomplete or poor 

knowledge about recycling and composting schemes make them willing to change habits and 

actively participate in promoting such rational waste management schemes such as the PAYT 

programme. It is worth notable that women appear to be better informed than men in this issue 

as well as the age group of 45-65 years among the other ones. Furthermore, interestingly enough 

a significant percentage of the interviewees set the protection of the environment and not the 

private profit as the initial priority for participating in a PAYT system. Another interesting 

information derived from the results analysis is that households composed of 2 members appear 

to have the highest recycling percentage among the other households, while these composed of 

4 members recycle more than 3 waste bags during the week.   
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On the other hand, the results of the research analysis concerning the questionnaire that 

addressed to public bodies (tax officials, waste management agency staff, cleaning service staff, 

administrators) were slightly different. In this case, more than half of the interviewees answered 

that they know the basics about recycling, whereas a small part of them are experts. 

Additionally, a significant number of the participants believe that private companies and not 

public bodies should be responsible for waste management in municipalities because of the 

expertise they acquire. In such case, the adoption of a PAYT system would reduce waste 

management cost. In agreement with citizens, public bodies set as priority the protection of the 

environment as well as the provision of incentives to participate in PAYT systems. 

 

Finally, regarding the private companies that participated in the survey the results showed that 

these are mostly small and medium enterprises, while only 1 out of 4 of them implements PAYT 

programmes. According to the interviewees, the main reasons for not implementing a PAYT 

system are low participation due to the absence of incentives and the bureaucracy that exists in 

public authorities. Notwithstanding the difficulties in implementing such programmes the 

majority of the participants support the adoption of the PAYT system. The sample of survey 

(number and variety of the participants) is considered sufficient for safe conclusions concerning 

the adoption of the PAYT system, while providing significant data for improving the 

implementation process and achieving better results that meet the requirements of all interested 

parties at the end of the programme. A further development of the programme would include a 

set of dissemination activities in order to promote this rational waste management scheme. 

 

3.2 Public acceptance 

 

Monitoring of the implementation process was another aspect of the PAYT system. The main 

target of this action was the estimation of public acceptance, in other words the estimation of 

the quantities of mixed and recyclable waste disposed in the two bins installed in Kifissia 

municipality as well as in the two bins recently installed in the municipality of Aigialeia in the 

frame of the PAYT system. For this reason an online application was designed to support this 

concept and to extract the results of the everyday use of the bins. The quantities of waste 

disposed in the dual waste bin from the beginning of the system’s implementation until May 

2015 in the municipality of Kifissia have followed a consistent pattern similar to the overall 

waste disposal pattern of the rest of the waste collection system. It has to be mentioned that the 

implementation period of the PAYT system in the municipality of Aigialeia is too short for 

solid conclusions. The analysis of the online application’s findings reveals that the level of use 

of the two bins was very low at the start point presenting a significant increase onwards and 

reaching its peak in April 2015.  

 

The key characteristic of the PAYT system is the high level participation of citizens in the 

recycling programme where the quantities of the recyclable waste are tripled of these of mixed 

waste. In overall, it seems that recycling earn a significant number of supporters leading to an 

increasing and environmental friendly group of citizens (Figure 3). 
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Figure 3: Use of PAYT system bins per category of waste. 

        

Additionally, the online application measures the current waste quantities for each citizen 

participating in the programme. The latter depicts the everyday use of the system providing 

valuable data and helping in identifying possible use problems (Figure 4).  

 

It has to be mentioned that the dual bins system is under constant auditing thereafter its 

installation for fixing any malfunctions of the PAYT system.  

 

 

 

Figure 4: Quantity of mixed and recyclable waste disposed in PAYT system bins per capita in 

Kifissia municipality. 
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4 Conclusions 

 
The aim of the PAYT project is to promote a rational waste management scheme, while 

establishing a new collaborative network between local authorities and citizens for transparent 

and secure transactions. Developing an operational user-friendly system gives the opportunity 

to citizens to actively participate in recycling programmes getting a reward by being charged 

based on their waste production. Furthermore, the PAYT project provides participant 

organizations with know-how in an innovative application and develops a competitive 

advantage in the waste management sector. The research analysis revealed a significant 

participation of citizens in the PAYT system installed pilot in the municipality of Kifissia 

engaging at the same time local and regional stakeholders. 
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ABSTRACT 

For the manufacturing of ceramics products the structural ceramics industry uses very high 

firing temperatures, especially in the manufacturing of stoneware or clinker. The main goal of 

the present work is the reduction of the environmental impact in the structural ceramic sector 

through the introduction in the ceramic pastry of recycled glass as a flux. The use of glass causes 

a reduction of firing temperature. The use of recycled glass as a raw material entails the 

transformation of a waste into a resource, diversifying and extending the possibilities of the use 

of glass at the end of its life-span.  

 

Προστασία του περιβάλλοντος μέσω της χρήσης ανακυκλωμένου 

γυαλιού ως πρόσθετου ροής στην βιομηχανία δομικών κεραμικών 
 

A. Μαλαμάκης, Σ. Κοντογιάννη, Γ. Περκουλίδης, N. Μουσιόπουλος, J. Velascoa, 

A. Pereza 

 

a Ένωση για την Έρευνα και τη Βιομηχανική Ανάπτυξη των Φυσικών Πόρων, AITEMIN, Τολέδο, 

Ισπανία 

 

ΠΕΡΙΛΗΨΗ 

Για την κατασκευή δομικών κεραμικών η βιομηχανία χρησιμοποιεί πολύ υψηλές 

θερμοκρασίες, ιδιαίτερα για την παραγωγή ψαμμάργιλου ή κλινκερ. Ο κύριος στόχος της 

εργασίας είναι η μείωση των περιβαλλοντικών επιπτώσεων στη βιομηχανία δομικών 

κεραμικών μέσω της χρήσης ανακυκλωμένου γυαλιού στο κεραμικό μείγμα. Η χρήση 

ανακυκλωμένου γυαλιού οδηγεί σε μείωση της θερμοκρασίας ψησίματος του κεραμικού. Με 

αυτό τον τρόπο επιτυγχάνεται η μετατροπή ενός απόβλητου σε χρήσιμο πόρο, 

διαφοροποιώντας και επεκτείνοντας τις πιθανές χρήσεις του γυαλιού στο τέλος του κύκλου 

ζωής του. 
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1  Introduction 
 

For the manufacturing of ceramics products the structural ceramics industry uses very high 

firing temperatures, especially in the production of stoneware or clinker. In these cases it is 

important to reach temperatures as high as 1300ºC to achieve the technical characteristics that 

are required from these products, low absorption rate and high mechanical resistance. This 

result to high levels of greenhouse gas emissions due to high quantities of fuel used (most 

commonly natural gas, fuel-oil, coal, petcoke). Using the fluxing characteristics of glass, firing 

temperatures are reduced by around 150ºC resulting in energy savings and contributing to 

increased glass recycling rates [1],[2]. Given that glass begins to melt at around 1000ºC makes 

the porous structure of the ceramics fill up partly with glass and speed up the ceramic process 

in a way to achieve the same characteristics (mainly water absorption and mechanical 

resistance) at lower temperatures. This is in line with the Communication from the European 

Commission of 10 January 2007 titled: “Limiting global warming by 2ºC – necessary measures 

till 2020 and after” COM (2007) finally and especially with improving the energy efficiency of 

the EU as it is indicated in the Opinion of the Economic and Social Committee on the topic 

“Industrial transformations to develop high energy consumption industries to be sustainable, 

fulfilling the objective of efficient use of resources of the Europa Strategy 2020” established in 

the plenary session no. 476 of 7 and 8 December 2011. 

 

1.1 Environmental problem targeted 

 

At present all the structural ceramics that are used in Europe are also manufactured in Europe, 

so the decrease in the CO2 emissions of this sector is a general problem for all the European 

Union countries. The prevention of climate change is of great importance, as it is expressed in 

the white paper “Adapting to climate change: Towards a European framework for action” 

Brussels 1.4.2009 COM (2009) 147 final. The countries of South-Europe are especially affected 

by this problem. The search for new processes and new materials that reduce the greenhouse 

gas emissions in a country that is especially affected by the climate change is traditionally the 

biggest structural ceramics manufacturer is considered to be in line with the European interests. 

Especially with that of the Commission Communication of 9 February 2005 «Winning the 

battle against the global climate change» [COM (2005) 35 – Official Diary C 125 of 21.5.2005] 

referring to the promotion of technologies related to climate, such as eco-technologies; and with 

regard to the Communication of the Commission of 10 January 2007 «Limiting global warming 

by 2 ºC – necessary measures till 2020 and after» [COM (2007) 2 final and with regards to 

“improving energy efficiency in the EU by 20% by 2020”. 

 

The proposed methodology aims to reduce carbon dioxide emissions using - another waste - 

glass, which would fulfill that which has been expressed in the Opinion of the European 

Economic and Social Committee on the topic of “Industrial change to develop sustainable 

energy-intensive industries that meet the objective of effective use of the resources of the 

European Strategy 2020” established in the plenary session no. 476 of 7and 8 December 2011, 

point 1.11 in which it says that "We need to reuse the conserved energy in materials, boosting 

recycling operations where possible. Glass, steel, iron and aluminum can make an important 

contribution in this regard. Europe exports its fine materials. Instead it should encourage reuse 

in the EU, saving the energy contained in each material". 

 

In addition, the proposed methodology is in line with the Commission Communication of 13 

November 2008, entitled "Energy efficiency: delivering the 20% target" [COM (2008) 772 - 

Not published in the Official Journal] in relation to measures to improve energy efficiency in 
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buildings. It states that energy consumption in residential and commercial buildings account for 

approximately 40% of total final energy consumption and 36% of total CO2 emissions in the 

European Union and to reduce this consumption is necessary to simplify the Directive 

2002/91/EC on the energy performance of buildings. However, this field does not take into 

account other than the consumption of existing buildings, forgetting that, in a broad sense 

(depending on the LCA of the building) the same construction of the building has some 

involvement in emissions of CO2 and other greenhouse gases due among others to the 

manufacture of structural elements that comprise it. Therefore, in line with the objectives of 

this project, the actions required to minimize/reduce the production of greenhouse gases and 

therefore Europe's fight against climate change represent a fundamental added value in terms 

of the scope and globally, in compliance with the Kyoto Protocol. 

 

The technology proposed would be related to the reduction of energy consumption (5.1.2 

Energy consumption) and decreased emissions of gaseous components (5.1.4 Gaseous 

compounds) of BREF of the ceramic industry. The results to be obtained could be incorporated 

as Best Available Technology in both sections. In this sense, the European Directive 

2008/98/EC of the European Parliament andof the Council of 19 November 2008 on waste and 

Directive 2008/1/EC of 15January 2008 concerning integrated pollution prevention and control 

contamination establish measures to protect the environment and human health by preventing 

or reducing the adverse impacts of the generation and management of waste, reducing overall 

impacts of resource use and improving the efficiency of such use. Along hese lines, Articles 10 

and 11 of Directive 2008/98/EC set down that the State shall take steps to ensure that all waste 

undergoes recovery operations.  

 

The methodology proposed therefore addresses a current problem at European level aimed 

decreasing CO2 emissions in the ceramic industry and seeking improvements to waste 

management, which is one of the priority areas of the Sixth Environmental Action Program 

(COMM/2001/0031final).The Program aims to prevent that the consumption of renewable and 

non-renewable resources exceed the threshold of endurance for the environment by reducing 

waste in production through the improvement of existing management systems and investment 

in quantitative and qualitative prevention. The substitution of clay for waste such as glass, 

contributes to responsible consumption that takes into account the ability of the environment to 

supply depleting natural resources. Directive 2004/12/EC of the European Parliament and 

Council of 11 February 2004 amending Directive 94/62/EC on packaging and packaging waste 

takes into account that to achieve targets for recycling it is necessary to promote the 

development of innovative recycling processes, which are feasible and environmentally 

friendly. The goal for glass recycling was determined to be 60% by weight of glass (packaging). 

Directive 2010/75/EU of the European Parliament and of the Council of 24 November 2010 on 

industrial emissions set goals that cannot be met without further reductions arising from 

industrial activities, including industries that manufacture ceramic products by firing (in 

particular roofing tiles, bricks, refractory bricks, tiles, stoneware or ceramic ornamental or 

domestic). Section of Law 16/2000 concerning integrated pollution prevention and control 

should be taken into account, which is based on Directive 96/61/EC with regard to the same 

subject and Decision on the implementation of a European pollutant emission register (EPER) 

according to Article 15. Under this legislation, the manufacturing facilities of ceramic products 

would be classified under Section 3.5 as they have to control their emissions to the atmosphere 

of substances such as: 

 Particles: PM10 

 Inorganic compounds: CO, CO2, NOx, SOx, fluorides, chlorides and their compounds 

 Organic compounds: Polycyclic aromatic hydrocarbons 
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 Metals: As, Cd, Cr, Cu, Hg, Pb, Ni, Zn. 

 

Moreover, the effects of the economic crisis hit the structural ceramics sector specially, since 

in some countries (Spain, Greece, Portugal, etc.) shrinking of construction has made ceramic 

production decrease to 70%. Cheaper manufacturing costs (thanks to energy savings and 

savings in source raw material) achieved as a result of the project, could result in maintaining 

jobs thanks to an improvement in the companies’ figures. Directive 2002/96/EC on Waste 

Electrical and Electronic Equipment (WEEE), determines the levels of reuse + recycling of 

WEEE in 75% and 80% total recovery therein. The already approved recast of the WEEE 

Directive requires an increase of 5% on each of these values to 80% and 85% respectively. 

Directive 2000/53/EC on the scrapping of end of life of vehicles sets out to achieve recovery 

levels of 85% of the average weight per vehicle in the various Member States for the period 

2006-2015 and 95% from 2015 onwards. Recovery levels for end of life Vehicles are published 

on the website of Europe a Commission’s Eurostat Agency (http://epp.eurostat.ec.europa. 

eu/portal/ page/prtal/waste/data/wastestreams/elvs). 

 

The proposed methodology to insert in addition to contributing to the increase of energy saving 

for these energy intensive industries, to reducing CO2 emissions and reducing carbon foot print 

by decreasing pressure on natural resources, the project also contributes to the compliance with 

the European WEEE and ELV Directives, providing new possibilities for glass recovery that 

will increase recycling rates required by these regulations. 

 

2  Recovered glass as raw material for the ceramics industry 
 

2.1 Raw materials for the ceramics industry 

 

The most important raw material for the ceramics industry, clay, is a sedimentary mineral; in 

crystallographic terms it is tabular hydrated alumino silicates also known as phyllosilicates. 

There are usually three types of clay used in ceramics: illites, kaolinites (mainly) and at a less 

extent smectites [3], [4]. Like any mineral, this is also a non-renewable natural resource 

therefore deposits at some point will run out. There are a lot of industrial developments 

(ceramics, bleaching earth, cat litter, rheological products, drilling muds, etc.) based on clay 

that put a great pressure on these resources as they are consumed in large quantities. 

 

On the other hand, glass is a material that is being used in several industrial processes and 

products, which has a very complex problem when it comes to its recovery, recycling or reuse 

[5]. The following sources of recovered glass are identified: 

 Waste of Electric and Electronic Equipment (WEEE): Cathode Ray Tubes (CRT), 

shelves of fridges and freezers, LCD screens, Plasma screens, electric ceramic cooktops, 

solar panels. From this group CRT glass stands out for having a high lead and rubidium 

content, which limits its recycling possibilities. The EU Directive 2002/96/CE on the 

waste of electric and electronic equipment (WEEE) sets the reuse and recycling rates at 

a 75% of the WEEE and 80% including energy recovery. The recast of the WEEE 

Directive will require an increase of 5% of each of these, to 80% and 85% respectively. 

 Glass originating from end of life vehicles: Glass coming from windscreens and 

windows represent approximately 16kg by vehicle. Taking into consideration that in 

2011 only in Spain a total of 671 927 cars have been written off, means that a yearly 

total of 10,570 tons of glass coming from end of life vehicles end up in landfill sites. 

The Directive 2000/53/CE on the scrapping of vehicles sets down that the different 

member states have to reach recovery rates of 85% (by average weight vehicle) between 
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the period 2006-2015 and 95% from 2015 onwards. At present treatment of end of life 

vehicles comes down to two basic options, which essentially are: shredding and 

selective scrapping. As of today energy recovery options for the glass of windscreens 

and windows are not used in either of the cases, other than the complexity, which comes 

with the separation of the vehicle’s glass-chassis. Due to these reasons the main 

destination for these glasses is a landfill site. In addition, during the treatment of end of 

life vehicles a complex fraction, the Automotive Shredder Residue (ASR) - also called 

as "fluff"- is produced, which represent around 25% of the total weight of the vehicle, 

containing a 0.45% glass. 

 Glass mixed in the municipal solid waste (MSW): Every year significant quantities of 

glass mixed with the rest of the municipal solid waste are delivered to landfill sites. For 

a population of 225 000 people approximately 3000 tons of glass are mixed in the MSW. 

 Packaging glass and packaging waste. In 2012 the European Commission launched a 

procedure to verify the percentage of selective collection and recycling of packaging 

glass. As a consequence it is going to require data from the affected member states as it 

estimates that these do not reach the figures set down in the European legislation. The 

Directive 94/62/CE on packaging and packaging waste establishes the recycling rate of 

the different materials (paper, and cardboard, metal, wood, plastic and glass) [6]. 

Currently, Europe finds itself facing the challenge of a new directive that increases the 

recycling rates for all the materials by 2020. The treatment processes of the different 

products of industrial origin, like the present of pollutants (grease, plastic, colorants, 

etc.) in glass limits and prevents a lot of the type of reuse possibilities, as it reduces the 

quality of the end product. 

 

The use of glass as flux is a very interesting recycling solution as on the one hand reduces the 

requirements of the end glass quality necessary for other reuse processes and on the other hand 

the glass quantity required by the ceramics process are very high, which implies that a great 

part of the glass that today ends up at landfill sites could be recycled. 

 

2.2 Characteristics of glass for use as flux in the ceramics industry 

 

Glass has been used in different industries as fluxing agent. Due to its aforementioned 

characteristics (fluxing potential) it has been used even in the ceramics industry as an additive 

added to the manufacturing of enamels and frit. However there are no reports on the use of glass 

in the structural ceramics, also known as red ceramics. The use suggested is novel in the 

ceramics sector. It consists of adding reclaimed glass to the dough, which entails the use of 

much higher quantities of glass, while until now it has been used only in the decorative part of 

flat ceramics (wall and floor tiles). Among the uses of recycled glass, there are no reports on 

utilizing it in structural ceramics nor are known any of its utilization to achieve energy saving 

and to decrease CO2 emissions by any of the energy intensive industries. Neither is known as 

substitution of a natural resource for waste, which improves the carbon footprint of the ceramics 

industries. On the other hand no projects (even at demonstrative level) can be found of its use 

in the stoneware ceramics dough. 

 

Previous work highlights that in stoneware manufacturing firing temperature can be reduced by 

around 150ºC depending on the raw material used, on the particular size of the glass and on the 

colour of the same. The characteristics of the tests tubes obtained from the laboratory having 

added glass are the same as the ones where no glass was added but the baking temperature 

results to be 150ºC lower. These results predict that brick manufacturing reaches analogue 

results, however there can be a series of possible problems (such as the grinding of glass, the  
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Figure 1: Rotating mill crusher installed in the premises of MORA for the preparation of the 

glass before incorporating into clay mixture. 

 

aesthetics of the obtained product, mix, etc.) that need to be handled at a pilot plant scale before 

manufacturing [4]. In Figure 1 the main equipment for the pilot scale experiment is shown.  

 

At last it needs to be noted that while the use of waste in structural ceramics has been in practice 

for many years, the type of waste used was organic (agricultural, silvicultural, sewage sludge, 

etc.) which in small quantities helped the firing of the product in the heating phase, but in 

general could not be used in face bricks as it destroyed the aesthetic, superficial and 

technological properties of the product. In the case of using glass not only the available data 

indicate that it can be used for face bricks but also that it improves the characteristics of the 
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product and results in significant energetic as well as greenhouse gas emission savings. 

Chemical analyses completed on glass coming from Cathode Ray Tubes (CRT) detected a high 

lead content. This element is used in the enamels of ceramics due to its fluxing nature, and there 

were no Pb emissions perceived in these cases. In our project lead stays inert, being distributed 

in the whole ceramic dough. As a possible advantage its fluxing nature could increase the 

energetic savings and eliminate lead from glass through inerting. 

 

In our approach we aim to achieve a double objective. On the one hand to adapt the stoneware 

ceramics industry to the climate change, reducing the greenhouse gas emissions by reducing 

energy consumptions by using glass (of WEEE, end of life vehicles and those mixed in the 

municipal waste) as flux. On the other hand, increasing the recycling of glass - using it in a new 

application, which has not been heard of until now – substituting clay for glass in stoneware 

ceramics dough composition, which in turn contributes to conserve natural resources by 

reducing its exploitation (carbon footprint). 

 

3  Environmental benefits of using glass as flux in the ceramics industry 
 

Depending on the sources used for the estimation of the consumption (HISPALYT –Spanish 

Association of Brick and Tile Manufacturers or OXYCOMB - Systems company specialized in 

combustion) the natural gas saving in consumption by ton of products manufactured, when the 

firing temperature is reduced by 150ºC (from 1250ºC to 1100ºC) is between 10 to 30%. For a 

medium size plant this means a carbon hydroxide emission reduction between 1800 and 4500 

tons of CO2/year. These calculations are based on actual data provided by Hispalyt in its 

document titled: “Report on climate change in the brick and tile sector” and on the conversion 

rates published in Appendix I of the Renewable Energy Plan in Spain by the Ministry of 

Industry, Tourism and Commerce (2005-2010) for a brick installation of 300tons/day working 

360 day/year using natural gas as fuel. The rates used are the follows: 

 56 t of CO2/TJ and 1 TJ = 277,78 MWh 

 Regarding the grinding of glass in accordance with the data provided by the 

manufacturing company of the grinder to be adjusted, 15 kW/t is necessary to obtain 

sizes smaller than 50 μm. In the regular process the clay is grinded to less than 150 μm, 

which presumes a 7.5 kW/t extra consumption. As the quantity of glass that is added to 

the ceramics dough is approximately 10%, this means a raw material consumption of 

0.75 kW/t. 

 Energetic consumption in ceramics manufacturing. The aforementioned Figure shows 

that to achieve a 300ºC decrease in firing temperature 170 kWh/t is required; so that we 

assume that for 150 ºC this would mean half of it, i.e. 85 kWh/t. 

 

Therefore taking into consideration all that was shown before, the energy saving for the defined 

production plant would be: 84.25 kWh/t x 300t/day x 360 day/year = 9,099,999 kWh of energy 

saving which equals: 1.842 tons of CO2/year. 

 

This corresponds to the most modest saving (12%); in case the more optimistic figures of 

OXYCOMB Systems are considered (30%) this would mean a 4560 t of CO2/year decrease. 

However in addition it has to be taken into consideration that the saving could probably be 

higher given the consumption when working at higher temperatures than 1000-1100 ºC does 

not increase lineally but exponentially and the data used are temperatures of around 1100 ºC. 

 

The substitution of clay for glass also has an impact on the economical results of the ceramics 

industry. The project aims to demonstrate that the proposed method expects a saving in source 
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raw materials. The price of clay fluctuates between 15 -50€/t, depending on whether we talk 

about white firing clay or red stoneware clay, respectively. The price of glass fluctuates between 

0–30€/t, depending whether we talk about CRT glass (cone) or security glass. The logistics and 

grinding costs are the usual, independent of the product. So the utilization of glass is going to 

bring about an economic saving to the ceramics industries of a magnitude of 10% of the source 

raw material costs. This for a medium size industry with a 300 t/day brick production means a 

30€/t.  

 

4  Conclusions 
 

The use of reclaimed glass, especially from diverse sources, is a priority for achieving the 

recycling goals set by the European Commission. The present study and the results that are 

expected from the pilot testing of adding reclaimed glass as flux in the structural ceramics 

industrial process suggests that a significant reduction in energy consumption is possible. This 

can be accompanied with a reduction of CO2 emissions and a subsequent reduction of the 

production costs due to the replacement of clay - used as raw material - with reclaimed glass.  
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ABSTRACT 

Sustainable urban policies, regardless of whether those refer to urban mobility, use of energy 

in buildings, urban land use planning and green spaces, air quality or municipal solid waste 

management, are considered as a prerequisite towards sustainability. In this context, Urban 

Empathy, a MED Programme funded capitalisation project aims towards consolidation of a 

permanent structure bringing together projects, policy makers and stakeholders to share 

concrete results to improve the efficiency of sustainable urban policies in the Mediterranean 

Basin.  

 

Urban Empathy: Ένα έργο για την προώθηση ενός αειφόρου 

αστικού μοντέλου σε ευρωπαϊκό επίπεδο 

Ε. Φελέκη, Χ. Αχίλλας, A. Marína, Ν. Μουσιόπουλος, J. Swittersa και J.C. 

Tourretb 
a Παρατηρητήριο Αστικού Περιβάλλοντος (OMAU), Δημοτικό Συμβούλιο, Μάλαγα, Ισπανία  

b Οργανισμός βιώσιμων μεσογειακών πόλεων και περιοχών, 5 place de la Joliette, Μασσαλία, 

Γαλλία 

ΠΕΡΙΛΗΨΗ 

Η βιώσιμη αστική πολιτική, ανεξάρτητα από το αν αφορά την αστική κινητικότητα, τη χρήση 

της ενέργειας στα κτίρια, τη χρήση γης και τους χώρους πρασίνου, την ποιότητα του αέρα ή τη 

διαχείριση των αστικών στερεών αποβλήτων, θεωρούνται ως προϋπόθεση για την αειφορία. Σε 

αυτό το πλαίσιο, το Urban Empathy, ένα έργο κεφαλαιοποίησης που συγχρηματοδοτήθηκε από 

το πρόγραμμα MED στοχεύει στην εδραίωση μιας μόνιμης δομής η οποία συγκεντρώνει έργα, 

φορείς χάραξης πολιτικής και άλλους σχετικούς εμπλεκόμενους φορείς με σκοπό να μοιραστεί 

απτά αποτελέσματα για τη βελτίωση της αποτελεσματικότητας των βιώσιμων αστικών 

πολιτικών στη λεκάνη της Μεσογείου.  
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1 Introduction 

 

Over the years, sustainable development has been defined in different ways. However, the most 

widely quoted definition is from the Brundtland Report; “Sustainable development is 

development that meets the needs of the present without compromising the ability of future 

generations to meet their own needs. It contains within it two key concepts; (a) the concept of 

needs, in particular the essential needs of the world's poor, to which overriding priority should 

be given; and (b) the idea of limitations imposed by the state of technology and social 

organization on the environment's ability to meet present and future needs”. 

 

To that end, sustainable urban policies, regardless of whether those refer to urban mobility, use 

of energy in buildings, urban land use planning and green spaces, air quality or municipal solid 

waste management, are considered as a prerequisite towards sustainability. In this context, 

Urban Empathy, a MED Programme funded capitalisation project focused on the efficiency of 

sustainable urban policies in the Mediterranean Basin, aims towards consolidation of a 

permanent structure bringing together projects, policy makers & stakeholders to share concrete 

results to improve the efficiency of sustainable urban policies in the Mediterranean ensuring 

their consideration in the new programming period. 

 

In a moment when MED Operational Programme has closed, it is critical to capitalize and 

exploit most of the tools, policies, recommendations and methodologies which have been 

developed within the last years in the framework of the funded projects and could add value to 

urban sustainability policies. It is time to overcome past practices and experiences when most 

the scientific/institutional results and tools remained most often out of use and within drawers, 

or strictly used only by the developers, policies and recommendations were only implemented 

only regionally or even locally and stakeholders were characterized by a low level of joint 

solutions for shared problems. It is therefore crucial to introduce techniques to capitalize the 

existing results by addressing the needs and the documented priorities of decision-makers, 

while making urban policies on sustainability more efficient. Moreover, it is also essential to 

extend the results’ sphere of influence to the widest possible area rather than being constrained 

only locally or regionally, transforming sustainability options in political priorities throughout 

Europe. 

 

In this light, the Urban Empathy project deeply analyzes the needs of decision-makers and 

creates a matrix of their needs, priorities and existing results. One of the areas that the Urban 

Empathy project focuses on is waste management and resources efficiency, as this is considered 

as one of the critical parameters towards sustainability. Urban mining might be one of the most 

promising concepts within this area, since urban areas have already sourced huge quantities of 

raw materials within the built environment and landfills. Cities around the globe are considered 

as the largest junkyards, thus they can provide all, or at least the majority, of the required 

resources for future use, so as forthcoming generations may sustain an adequate standard of 

living. In this sense, instead of building new mines for the extraction of commodities, reusing 

materials could provide a sustainable, cradle-to-cradle approach. 

 

2 The Urban Empathy project 
 

The European Commission intends to pay more attention to urban areas and to increase the 

involvement of local and regional authorities in operational programmes for the new 

programming period. Together with the territorial dimension, the European Commission needs 

to strengthen partnerships between local and regional stakeholders, as well as key actors from 
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the wider society. These aspects are behind the promotion of an integrated approach on 

Sustainable Urban MOdels (hereafter referred as SUMO) in line with the Leipzig Charter, The 

Toledo Declaration (which linked it with Europe 2020) and the Malaga Charter. This SUMO is 

proposed as a key element in climate change prevention. The capitalization of results to enrich 

this model, improve urban policies to promote it and include them in the new programming 

period have encouraged the creation of a permanent structure, a network of networks to join 

key actors and initiatives to work on this theme and goals. 

 

The multiplying effect of the capitalization process within the territorial cooperation space is 

one of the main dissemination goals. Due to the territorial dimension of the project, there is a 

strong presence of local and regional levels, with representation from six countries, active in 

the promotion of transnational cooperation; Spain, Italy, France, Greece, Slovenia and Bosnia. 

The incorporation of the city of Stuttgart, plays a key role of reinforcing an “outside” view on 

a theme, such as sustainable mobility on an urban scale, which has not been one of the most 

successful themes worked in the Med and is a key aspect of the integrated SUMO approach. 

 

The Urban Empathy project [1] aims at consolidating a permanent structure bringing together 

projects, policy makers and stakeholders to share concrete results to improve the efficiency of 

sustainable urban policies in the Mediterranean area, ensuring their consideration in the new 

programming period. This is expected to ensure the long-term impact of the capitalized project's 

deliverables by the direct involvement of decision-makers, policy-makers and key actors, 

facilitating the integration of these results into sustainable urban policies. The Urban Empathy 

project aims also to improve the coordination between the Mediterranean Transnational 

Cooperation programme and the regional operational programmes through the development of 

a set of propositions that focus on how to better promote the implementation and development 

of Urban Sustainable Models. To ensure sustainability of the project and the mainstreaming of 

the different results, the Urban Empathy consortium schedule to strengthen, enlarge and 

consolidate the existing Platform and Cluster for Sustainable Urban Models building a 

“Network of Networks” as an open multi-level capitalization space. This is expected to promote 

the development of synergies between projects and partners assisting them to disseminate and 

transfer their results into sustainable urban models. 

 

As a first step, the results from previous EU funded projects will be evaluated through a set of 

transferability criteria and cross checked to ensure that they comply with the SUMO shared by 

the partners. In parallel, a structured dialogue process will be established with key decision-

makers to identify key barriers to the implementation of the selected results into sustainable 

urban policies. The result of this process will feed an online SUMO toolkit which will be 

developed bringing together deliverables which fulfill policy-makers’ expectations. Moreover, 

a series of high level seminars will be organized with decision-makers at different levels, in 

order the consortium to present those innovative approaches and tools.  

 

Moreover, the Urban Empathy project scales up transnational cooperation in the Mediterranean 

related to SUMO. Common priorities are defined and articulation between territorial 

cooperation and regional operative programmes will be worked on using real pilot results, 

analyzing how; (a) to bring them into policies, (b) to include them in the new programming 

period, (c) to implement them, and (d) to mainstream them to a bigger scale. As a last step, a 

set of recommendations aiming to influence calls for the next programming period will be 

produced.  
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The existing SUMO platform is scheduled to be consolidated as a network of networks to 

guarantee the durability of the capitalization process and influence policy makers and European 

Commission in the improvement of SUMO policies. Relations with other networks and 

initiatives, participation of cities and regions through projects capitalized, exchange with other 

clusters and cap projects will assist the multiplying effect of transferability, joining decision 

and policy-makers, scientific and social society key actors towards a common objective, namely 

climate change prevention through the promotion of a SUMO. 

 

3 Key objectives of the Urban Empathy project 
 

One of the main focuses of the Urban Empathy project is to transform existing results from the 

pre-selected Med funded projects and key European programmes into effective policies and 

actions related to urban sustainability. Once a common strategy for the promotion of a SUMO 

is followed, successful results should be used to improve this model with concrete expertise. 

The implementation of such results and the possibility to improve existing urban policies is 

sometimes a hard task if the right decision-makers are not supporting it. In this context, this 

action aims to analyze the results according to transferability criteria, to find synergies with 

others in order to respond to a supported strategy, to transform it into something concrete, easily 

and clearly understood for decision-makers and to involve them in the process in order to better 

understand their needs and respond to them. These are the main activities to be developed to 

reach the first objective, producing a SUMO Toolkit and a structured dialogue process including 

high level seminars. 

 

When results have been identified and prepared to be transferred according to decision-makers 

needs, it is necessary to have related priorities included in the European Programming periods 

to help improving the efficiency of concrete sustainable urban policies in the Mediterranean. 

Therefore, the Urban Empathy project will also work to scale up transnational cooperation in 

the Med related to the theme of SUMO, using the contributions of the partners and external 

partners representing different spaces. In a parallel, the articulation of founds to assist 

implementing the results coming from other projects will be discussed using pilot projects as 

practical examples of concrete results. A set of recommendations including common priorities 

on urban sustainability for the different programmes working with the Mediterranean and 

proposals on how to articulate founds to help implementing them, will be the main deliverables 

of this work package responding to project’s second objective. 

 

The existing CAT MED Platform for Sustainable Urban Models [2] itself will be capitalized 

and used as the tool through which the Urban Empathy project’s process is expected to continue 

in the future. Focus will be given on the agreements with other key networks, European 

initiatives and projects in order to facilitate the wider dissemination of the project’s results and 

to influence regulations impacting urban development. Contacts will also be made with other 

ongoing capitalization projects  related to urban sustainability to help the platform grow and to 

include new innovative project results in the SUMO toolkit. As a capitalization structure with 

a natural multiplying effect, the Urban Empathy project has a strong capacity for dissemination. 

 

4 The urban model 
 

The work accomplished during the CAT MED project showed that there is a clear and direct 

relationship between the challenges of climate change and the sustainability of the urban 

development of cities. This relationship can be directly observed in the Mediterranean region, 

affected equally by the danger of erosion and desertification on the one hand, and the rising sea 
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level on the other. Currently, the majority of the population of the European part of the 

Mediterranean lives in urban areas, where most of the productive activity is concentrated and 

most energy is consumed along with the required natural resources. Large quantities of CO2 

emitted into the atmosphere are directly related to the construction and use of buildings, while 

public and private transportation is also significantly responsible. In this light, a possible 

modification of normal behavior, until now generating more energy consumption, would have 

a direct relationship with natural resources conservation, and a beneficial effect by reducing 

emissions of CO2 and other gases and particles into the atmosphere, as well as its relationship 

with climate change. The proposed action on urban models is articulated around three key 

concepts; the urban compactness, the urban complexity and the proximity to basic services. The 

compactness of a city means that the buildings are grouped together closely, creating a dense 

environment and enough critical population mass so that there is a high level of different 

activities taking place, and therefore a transfer of information and relationships. Complexity 

goes hand in hand with compactness, representing the diversity of human activities that are 

located in different parts of the city. Compactness and complexity mean that the city is much 

smaller than a sprawling, mono-functional city that, throughout the twentieth century, spread 

from the American concept of the city, where communications and transport were governed by 

two new industries, automobile and petrol. The new urban models lead to progressive growth 

of the city outwards, articulated by roads, and where uses and activities were separated in the 

territory. Dwellings, particularly single-family, a large consumer of land, coverage extensive 

areas reserved for residential use. To connect with other necessary amenities, work, trade, 

education or leisure, the use of private transport became imperative. 

 

In compact and complex cities, the relationships between the urban model - dense, compact, 

complex in activities and uses, accessible - and energy consumption are very different from 

those observed in sprawling cities. The historic Mediterranean city created a blend of 

compactness and complexity from the medieval period facilitating communication as well as 

the exchange of goods and services among citizens on a pedestrian scale. Today, the best 

features of the Mediterranean city are kept; it is possible to go by foot from home to the market 

or to businesses, to take children to school or even allow them to go alone. The compact and 

complex city not only provides mobility and accessibility, but also enables the commitment of 

more time devoted to social or personal activities; time which is often lost in the traffic jams of 

sprawling cities. This idea of bringing back the best characteristics of the traditional 

Mediterranean city, combined with the introduction of innovative elements from new energy-

saving technologies, is the basis of the sustainable urban model promotion, which is done 

through recovering this classical European and Mediterranean city as an example for urban 

organization. Although Mediterranean cities are different from each other, they have some 

common characteristics: a certain population density, sufficient levels of urban compactness 

and high complexity in the mix of uses and functions. These features distinguish them from 

other urban models outside Europe, less efficient in the use of natural resources and in the 

connection of human relationships. The idea of sustainability in urban models involves the 

interplay of territorial actions on the city configuration combined with environmental and 

landscaping elements as well as the optimal management of natural resources, while promoting 

social cohesion and the participation of citizens. It is not possible to work on a part of the urban 

mosaic, without considering the impact on other areas. 

 

In terms of urban planning, five characteristics could be underlined that usually describe the 

compact and complex Mediterranean cities, and that clearly differentiate them from the 

scattered and diffused urban models. These characteristics are closely linked to each other, so 

much so that separately they would be meaningless, and would not be related to issues such as 
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energy efficiency or greenhouse gas emissions; urban density, building compactness, 

complexity of uses and functions, accessibility and proximity to services and basic facilities, 

and mobility in the urban environment. This overview on urban models and city configurations 

is not developed, therefore, purely from a territorial standpoint, but through a holistic approach, 

since, as mentioned above, the organization of the territory has a direct influence on both 

mobility and the management of natural resources, energy efficiency as well as essential aspects 

of social cohesion and economic development. The need for a comprehensive approach is clear. 

From the main reference documents, such as the Aalborg Charter (1994) and the Leipzig 

Charter (2007) work is urged towards this direction. The Malaga Charter (CAT MED) also 

considers this comprehensive approach in both the vision of the city it proposes and the 

methodology involved. Considering these background reference works, the main aspects to be 

considered in a sustainable urban model are structured around four axes of work: territorial 

management and urban design, social and economic cohesion (cross-cutting aspects) and 

sustainable mobility and energy efficiency (sectorial aspects). The commitment to the compact 

and complex city model is, at the same time, the choice of shorter distances to reach activities, 

implying improved urban mobility and urban accessibility, resulting in lower energy 

consumption, lower air pollution levels and increased availability of time for personal or social 

activities. Mobility and transport, clearly related to the configuration of the territory and the 

organization of the city, thus acquire a special significance because of its direct relationship 

with energy consumption and greenhouse gas emissions released into the atmosphere. This 

relationship between the inefficiency of the urban organization model and the environmental 

impact is also reflected in increased generation of waste and pollutants, greenhouse gases 

emissions into the atmosphere, with the consequent contribution to the effects of climate 

change. Last but not least, social cohesion is established as a priority objective of the sustainable 

city urban model. However, the idea of social cohesion is not abstract, but rather physically 

developed over the territory, the space where people’s activity takes place. Thus, social 

cohesion and territorial cohesion are part of the same concept, and so both ideas are part of the 

CAT-MED statement. It is difficult to achieve one kind of cohesion, social or territorial, without 

the other. It is well known that social policies are usually concentrated on the suburbs or the 

outskirts of cities, spatially segregated by the socioeconomic status of the inhabitants. In this 

sense, these typically coincide with slum areas, poorly articulated zones from a territorial point 

of view and obsolete or degraded areas of the city with high unemployment rates combined 

with low education and training. 
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ABSTRACT 

The present work aims to promote a methodological approach to estimate the overall 

environmental impact in areas of considerable tourism activity, applied to Greece, one of the 

world’s most popular tourism destinations. A comparative “environmental damage” analysis is 

realized for two large-sized hotels and their contribution to environmental burden for numerous 

impacts is assessed. The approach is based on Life Cycle Assessment (LCA) principles, leading 

to a reliable assessment of damage that can be attributed to tourist’s transport and 

accommodation services. The LCA gives the ability to highlight processes and/or flows that 

have the highest resource consumption and environmental burden. A questionnaire was 

designed for the above purposes, and was used as input, among other data, to the overall 

methodological approach.  

 

 

Ανάλυση κύκλου ζωής για την προώθηση του αειφόρου 

τουρισμού: Μελέτη περίπτωσης σε ελληνικά ξενοδοχεία 

Α.Β. Μιχαηλίδου, Χ. Βλαχοκώστας, Α. Πέτρου, Ε. Φελέκη και Ν. 

Μουσιόπουλος  

 

ΠΕΡΙΛΗΨΗ 

Η παρούσα εργασία έχει στόχο την προώθηση μιας μεθοδολογικής προσέγγισης για την 

εκτίμηση των περιβαλλοντικών επιπτώσεων σε περιοχές με έντονη τουριστική δραστηριότητα. 

Η προσέγγιση αυτή εφαρμόζεται για την Ελλάδα, έναν από τους δημοφιλέστερους 

τουριστικούς προορισμούς σε παγκόσμιο επίπεδο. Πραγματοποιείται μία συγκριτική ανάλυση 

της περιβαλλοντικής ζημίας για δύο ξενοδοχεία μεγάλου μεγέθους και αποτιμάται η 

συνεισφορά τους στην περιβαλλοντική επιβάρυνση για πληθώρα επιπτώσεων. Η προσέγγιση 

βασίζεται στις αρχές της Ανάλυσης Κύκλου Ζωής (ΑΚΖ) που οδηγούν σε αξιόπιστη αποτίμηση 

της ζημίας που είναι δυνατό να αποδοθεί στη διαμονή και τις μετακινήσεις των τουριστών. Η 

ΑΚΖ δίνει τη δυνατότητα εντοπισμού των διαδικασιών ή/και ροών που έχουν την υψηλότερη 

κατανάλωση πόρων και την υψηλότερη περιβαλλοντική επιβάρυνση. Για τους παραπάνω 

λόγους σχεδιάστηκε ένα ερωτηματολόγιο που χρησιμοποιήθηκε για τη συλλογή στοιχείων 

εισόδου για τη συνολική μεθοδολογική προσέγγιση.  
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1 Introduction 
 

Tourism is responsible for about 5% of global CO2 emissions, derived mainly from transport 

(75% excluding radiative forcing), accommodation (excluding construction phase) and 

activities. The lodging sector uses vast quantities of energy, water, materials and products. 

Energy use per guest night reaches 98 MJ [1] whereas water consumption reaches 3,423 l per 

room per day [2]. In addition, the lodging industry generates large volumes of waste. A typical 

guest generates at least 1 kg of solid waste per day [3], whereas a tourist from developed 

countries probably generates up to 2 kg per day for the United States [4]. An in-depth analysis 

of environmental impacts of tourism can be found analytically elsewhere [5]. 

 

Tourism is one of the most important economic sectors in Greece. In 2013, its contribution to 

Greek GDP amounted to 16.3%, while total employment in tourism (675,000 jobs) 

corresponded to 18.2% of the workforce, in the core period of economic crisis. Chalkidiki is a 

peninsula in Northern Greece, the prevalent tourism destination of the Northern Greece. Its 

economy is strongly dependent on tourism, which is characterized by its seasonality since the 

corresponding season extends usually from early April to late October. However, apart from 

economic development the tourism activity in the area causes considerable environment 

deterioration, increased energy and water consumption, as well as waste generation [6].  

 

The present study aims to promote a methodological approach in order to estimate the overall 

environmental burden in areas of considerable tourism activity. The methodology is 

demonstrated for the most popular tourism destination of Northern Greece. A comparative 

“environmental damage” analysis is realized for two hotels with similar characteristics and their 

respective contribution to environmental burden for numerous impacts is assessed. The 

approach is based on Life Cycle Assessment (LCA) principles, leading to a reliable assessment 

of damage that can be attributed to accommodation services and tourist’s transport. According 

to available scientific literature, amongst other tourism environmental performance tools, LCA 

is crucial, since it evaluates environmental impacts from different perspectives and assumptions 

[e.g. 7].  Life Cycle Thinking (LCT) gives the ability to highlight processes and/or flows that 

have the highest resource consumption and the highest environmental burden for the case under 

consideration in an effort to estimate the total environmental impact. 

 

2 Materials and methods   
 

Due to economies of space the methodology is presented in Figure 1. Hotels are one of the most 

important agents of “static” environmental burden in the tourism sector. Although significant 

enough, the energy, water and resource consumption in hotels is highly diversified and depends 

on a variety of parameters such as the size and category/class of the hotel, the year and type of 

construction, its location and climatic zone, technology of heating, ventilation and air 

conditioning (HVAC), the lighting systems, as well as the offered services, amenities and the 

occupancy rate [8]. For this purpose, the consumption of energy and water, occupancy rates, 

and other important characteristics of one hotel’s operational phase should be investigated 

through tractable questionnaires during personal interviews with the hotel managers and hotel 

records (bills). Any other data for flows should meticulously investigated for the area under 

consideration, especially to define “tourism mass” and in effort to provide assessments for 

“dynamic” environmental burden that origin mainly from air and road transport to the 

destination and back and recreation activities (e.g. national statistical services).  
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For the case under study, SimaPro 8 software was used. The impact assessment methods chosen 

is Eco-indicator 99. The Eco-indicator 99 uses damage-oriented approach, and three damage 

categories –endpoints– are distinguished: Human Health, Ecosystem Quality and Resources. 

One of the advantages of Eco-indicator 99 is the single score output (expressed in kPt) that 

enables comparison of different components of a product/service or different products/services. 

The LCA was performed assuming a 7 night stay of tourists in the two hotels. The system 

boundary is regarded as the operational use of a hotel including the water consumption and the 

energy consumption for: (i) the HVAC systems, (ii) production of hot water, (iii) lighting, (iv) 

kitchen operation, e.g. cooking appliances, refrigerators, freezers etc., (v) laundry facilities and 

(vi) other electrical devices e.g. TV’s, refrigerators in rooms, cleaning devices, and elevators. 

The travel of tourists from their original place to the hotel and their return is also taken into 

account. 

 

 
Figure 1: Methodological framework. 

 

3 Case study 
 

Chalkidiki belongs to the Region of Central Macedonia and has the longest coastline (550 km) 

from all land prefectures of Greece. The nearest airport that serves tourism activity in Chalkidiki 

is the International Airport “Makedonia”, Thessaloniki. Chalkidiki has 511 of 1*-5* hotels 

(agents of “static” environmental burden), reaching 44,579 beds, corresponding to 5% of the 

hotels of the whole country. With a total surface area reaching 2,900 km2 and a population of 

105,908 inhabitants in 2011, the number of international tourists was over 523,000 in 2012 [9], 

which essentially approximates 500% increase. 

 

Two seaside large-sized hotels were examined in the area under study (Table 1). It should be 

noted that gaining information about consumption rates from hotel managers is a difficult task. 

Most of the large hotels refuse to participate in such studies because of restriction policy and 

the fear of lack of confidentiality, despite written or verbal assurance from researchers [10]. 

 

In 2012, international tourists reached 80%, 49.2% of which came from 27 country members 

of European Union (EU) and 49.6% from the rest countries of Europe (including Russia and 

Turkey). Those tourists travelled with airplane to International Airport “Makedonia” and then 

reached their hotel by coach or a car. For the road transport analysis, a coach for the 

transportation of tourists from airport and back is taken into consideration. Flight distances were 

calculated from major airports near capital of each country to International Airport 

“Makedonia”. For tourists from Balkans and Romania, which reached 34.2%, is assumed 

travelling by car. Waste generation is excluded since the hotels studied did not hold such records 

(typical for the area under study). 

 

 

 

 



A.V. Michailidou, Ch. Vlachokostas, A. Petrou, E. Feleki and N. Moussiopoulos  

 

158 

Table 1: Characteristics of the two hotels in Chalkidiki (Reference year 2013) 

 Hotel 1 Hotel 2 

Location Sithonia Kassandra 

No of Rooms/Beds 202/500 151/400 

No of floors 2 2 

Surface area 15,000 m2 5,936 m2 

Seasonal operation 6 months 6 months 

Occupancy rate (2013) 92% 94% 

Type of building construction separate standing separate standing 

Distance from Makedonia 

airport  

100 km 102 km 

Fuel for Heating Diesel Gas 

Fuel for Air Conditioning Electricity Electricity 

Fuel for Hot Water Diesel Gas 

Facilities and services offered 3 Swimming pools, spa,  

2 conference rooms 

2 swimming pools, tennis, 

basketball and volley 

courts 

Laundry Yes  Yes 

In-house restaurant 2 restaurants, bar, beach bar 1 restaurant, 2 bars 

Year of construction 2007 1991 

 

4 Results and discussion 
 

A fully detailed “network of activities” for each hotel was created in order to assess their overall 

environmental burden for two cases: (a) transportation of tourists was not taken into account 

and (b) transportation was taken into account. According to Eco-Indicator 99 impact assessment 

method for case (a), the operational use of the hotel 1 causes greater environmental damage 

than the operational use of hotel 2 (Figure 2). In the case that transport is included in the LCA 

approach (case (b)), it is for the most part responsible for the total environmental damage for 

both hotels. In addition, a comparative analysis of travel services in the case under study 

demonstrates that air transport has the highest absolute impact on all three categories of 

endpoints of Eco-indicator 99 compared to road transport. This is in line with the results of 

other similar studies, that airplanes are the most carbon intense means of transport [e.g. 11].  

 

Figure 3 illustrates the results of midpoint impact categories score for the two hotels including 

transport. The impact on fossil fuels consumption is the highest for both hotels due to transport 

activities, as well as to the conventional lignite electricity consumption in the area. Impacts on 

respiratory inorganics are followed for the same reasons. Impacts on respiratory organics, 

radiation and ozone layer are negligible and are not presented in Figure 3. The analysis 

demonstrates that hotel 1 is responsible for the largest share in all 11 impact categories of Eco-

indicator 99. 

 

5 Conclusions 
 

Air transport is prevalently responsible for the total environmental damage of hotels for the 

case under study in comparison to the road transport, accommodation services and the hotels 

operational use and energy intensity. As far as operational use of those hotels is concerned, 

HVAC systems are the most energy intensive agents of environmental burden, followed by 
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Figure 2: Evaluation of impacts of both hotels (a) from operational use, (b) from operational 

use, air and road transport, with Eco-indicator 99. 

 

 
 

Figure 3: Results of the impact assessment score of Eco-indicator 99 for both hotels’ life 

cycle including transport services.  

 

kitchen and production of hot water. Based on the results of this study, policy making should 

primarily put forward incentives in order to maximize the penetration of RES in hotels in the 

area. Measures such as energy-efficient lights to tourist lodgings, solar water heating systems 

(surprisingly missing from a high percentage of Chalkidiki’s hotels), HVAC and lighting 

automation systems and external wall insulation in hotels should be put forward in order to 

minimize the overall environmental impact attributed to the tourism activity in Chalkidiki. 
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The awareness of the environmental impacts of tourism by policy makers is of great importance 

in order to avoid severe future burden of the environment. The work presented herein depicts 

the fact that LCA can play a crucial role in decreasing the complexity in the strategic planning 

of tourism, especially in local-to-regional areas of concentrated tourism activities. Although the 

framework can be generically applied, the needs of each area may vary. Consequently, the 

special characteristics of an area with concentrated tourism activity will need to be taken into 

consideration in order to efficiently implement the generic approach presented. 
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An air quality management system for Cyprus: evaluation and 

improvements 

N. Moussiopoulos, E. Chourdakis and G. Tsegas  

 

ABSTRACT 

An Air Quality Management System (AQMS) has been developed and installed in the 

Department of Labour Inspection of the Republic of Cyprus in order to meet the requirements 

of the European Air Quality Directive (2008/50/EC). In an effort to optimize the core model 

performance, a revised methodology for determining boundary conditions (BC) has been 

implemented, which enables the transfer, formatting and, finally, the assimilation of 

concentration data originating from the ensemble forecasts of the regional scale models of the 

CAMS. Besides, an empirical approach for the improved estimation of a street-scale 

concentration increment on top of the urban background has been developed, which 

incorporates a functional relationship between local meteorological parameters, street 

characteristics and traffic emissions. Finally, a range of additional features have been 

incorporated in the AQMS functionality, including a versatile reanalysis module, as well as a 

user interface for the analysis of weighted back trajectories. 

 

 

Σύστημα διαχείρισης ποιότητας αέρα για την Κύπρο: αποτίμηση 

και βελτιώσεις 

Ν. Μουσιόπουλος, Ε. Χουρδάκης και Γ. Τσέγας 

 

ΠΕΡΙΛΗΨΗ 

Στη βάση της κοινοτικής οδηγίας για την ποιότητα του ατμοσφαιρικού αέρα στην Ευρώπη 

(2008/50/EC), ένα Σύστημα Διαχείρισης Ποιότητας Αέρα (ΣΔΠΑ) αναπτύχθηκε και 

εγκαταστάθηκε στο Τμήμα Επιθεώρησης Εργασίας της Κυπριακής Δημοκρατίας. Στο πλαίσιο 

της συνεχούς αναβάθμισης του ΣΔΠΑ, αναπτύχθηκε μια νέα προσέγγιση για τη δημιουργία 

των οριακών συνθηκών, η οποία επιτρέπει τη λήψη, τροποποίηση και, τελικά, ενσωμάτωση 

στο σύστημα των υπολογισμών περιφερειακού υποβάθρου του CAMS. Παράλληλα, 

αναπτύχθηκε μια μεθοδολογία για την εκτίμηση της προσαύξησης στις συγκεντρώσεις ρύπων 

εξαιτίας των τοπικών παραγόντων, η οποία βασίζεται στη δημιουργία μιας στατιστικής σχέσης 

που συσχετίζει την αστική συγκέντρωση με βασικές μετεωρολογικές παραμέτρους, τη 

μορφολογία της εκάστοτε πόλης, τις αστικές εκπομπές, καθώς και τις συγκεντρώσεις 

υποβάθρου. Τέλος, ενσωματώθηκε στο ΣΔΠΑ μια σειρά από επιπλέον δυνατότητες, όπως η 

διεπαφή για την ανάλυση σταθμισμένων οπισθοτροχιών. 
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1 Introduction 
 

Operational air quality modelling has been increasingly recognized as an indispensable 

component of any integrated air quality assessment strategy, especially in view of the provisions 

of the European Air Quality Directive (2008/50/EC). As a result, integrated informational 

systems known as Air Quality Management Systems (AQMS) have been developed aiming to 

offer technical users and policy makers a consistent and robust environment for their regular 

workflows. 

 

In this framework, an AQMS has been installed and used operationally in the Department of 

Labour Inspection (DLI) of the Republic of Cyprus. The core of this AQMS consists of a model 

system which performs nested-grid meteorological and photochemical model simulations in 

two parallel operational modes, providing users with updated air quality nowcasting and 

forecasting calculations for the entire island of Cyprus. In addition, air quality assessment and 

decision making is supported by the AQMS through a range of additional features, such as the 

capability to study emission scenarios and assess their effect on air quality over user defined 

domains, as well as a reanalysis module. More details as regards the structure and the special 

features of the AQMS can be found elsewhere [1]. 

 

Following an operational evaluation of the system performance and by continuously evaluating 

user feedback, a range of improvements on the model core and user interface have recently 

taken place. These improvements are described in detail in the following paragraphs.  

 

2 Methodology  

 

The core of the AQMS consists of a model system which performs nested-grid meteorological 

and photochemical model simulations in two parallel operational modes, providing nowcasting 

and forecasting concentration maps for the entire island of Cyprus. The mesoscale 

meteorological model MEMO [2] and the chemistry-transport model MARS-aero [1] are used 

for this purpose. In addition, air quality assessment and decision making is supported by the 

AQMS by enabling DLI users to interactively configure custom emission scenarios and 

computationally assess air quality trends over user-defined domains of interest. 

 

In an effort to optimize the model core performance, a revised methodology has been 

incorporated in the boundary conditions module. This new approach enables the transfer, the 

formatting and, finally, the utilization of regional scale concentration data originating from the 

ensemble forecasts of the regional scale models of CAMS [URL1]. Besides, due to the fact that 

the basic computational procedure of the AQMS cannot accurately predict air pollution levels 

at the street scale, a simple approach for the improved estimation of a street increment on top 

of the urban concentration background has been developed. 

 

On the other hand, in order to support air quality assessment an interactive tool for the 

simulation of weighted back-trajectories has been developed, which gives the capability of 

producing transboundary pollution maps for Cyprus as regards any historical period. This tool 

is based on a fully automated scheme which provides back-trajectories calculations using the 

Lagrangian model HYSPLIT [3]. Furthermore, a reanalysis module has been developed based 

on a data assimilation procedure, which is provided with data originating both from model 

calculations and observations and is capable of producing improved historical concentration 

maps using interpolation methods. 
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2.1 Improvements in the BCs module 

 

Aiming to an improvement of the accuracy of boundary conditions, a newly developed tool has 

been incorporated in the system’s operational procedure, which enables the downloading and 

pre-processing of data originating from the ensemble forecasts of CAMS. 

 

More specifically, an automated transfer module undertakes the downloading and management 

of the boundary conditions data, processing and storing them in a data pool which is kept 

updated at all times. These data consist of hourly concentration fields for a number of pollutants, 

such as ozone (O3), nitrogen dioxide (NO2), sulphur dioxide (SO2), carbon monoxide (CO), 

particulate matter (PM10 and PM2.5), nitrogen oxide (NO), ammonia (NH3) and non-methane 

volatile organic compounds (NMVOC), with a spatial resolution of 0.1 degrees (about 11 km). 

A scheduler process selects the most recent dataset for input to the MARS-aero model. In case 

of an abnormal event, e.g. when no new data are available, older datasets are automatically 

used. Each of these processes keeps a separate event log and diagnostic files accessible to the 

operator of the system. 

 

In this point it should be mentioned that in contrast to previous approaches as regards the 

production of the boundary conditions, CAMS concentration fields are also available for a 

number of vertical layers. As a result, the improved initial and boundary conditions can include 

additional information regarding the vertical distribution of pollutant concentrations. The 

incorporation of this new approach for the production of the boundary conditions in the model 

core aims to improve the system’s performance in predicting episodes associated with large-

scale transport of air pollutants, both as regards the spatial distribution of the concentrations, as 

well as the concentration levels during the phenomenon. 

 

2.2 Street increment methodology 

 

The street increment module presented here aims at the determination of a street-scale 

increment on top of the urban background concentrations. The methodology attempts to define 

a functional relationship between local meteorological parameters, street characteristics and 

traffic emissions on the basis of measured increments in representative locations. 

 

The computational procedure for validating the street increment methodology can be described 

in terms of three main processing steps. These include the selection of representative urban 

background-street scale concentration pairs, the multiple regression analysis for numerically 

determining the functional relationship, which constitutes the core of the method, and finally, 

the application of the calculation scheme in sample locations, so as to assess its capability to 

accurately simulate the air quality status at the street scale. 

 

The concentration sets used for the definition of the statistical relationships were derived both 

from measurements and the application of OSPM model [4] for a series of hot spots in the city 

of Thessaloniki, Greece during the calendar year 2013. These relationships were then 

incorporated in the operational module of the AQMS as an effort to improve its street-scale 

modelling skill in nowcasting and forecasting products. 

 

3 Results 
 

In order to assess the performance of the new methodology for calculating boundary conditions, 

a pilot four-month application of this approach was undertaken.  In this point it should be noted 
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that most of the dust episodes in the South-Eastern Mediterranean region occur during spring, 

a fact that makes this period of the year the most representative for this kind of assessment 

(URL2). Figure 1 shows the spatial evolution of PM10 concentrations over Cyprus, and Figure 

2 the diurnal pattern of calculated and observed PM10 concentrations at the regional background 

station of Agia Marina Xyliatou during a typical Saharan dust episode using the newly 

developed methodology for the calculation of the initial and boundary conditions. As it can be 

deduced from these illustrations, the results of this application revealed a qualitatively distinct 

improvement in the performance of the AQMS during episodes attributed to long range 

transport of pollutants. 

 

 
Figure 1: Spatial evolution of PM10 concentrations over Cyprus. 

  

On the other hand, the statistical approach for determining street increments was evaluated in a 

pilot two-month application, using the AQMS’s operational mesoscale calculations of urban 

background concentrations and meteorological fields in order to provide the functional 

relationship with the required input parameters. The results of this pilot application were then 

compared with observational data. The validation process indicated a clear improvement in the 

AQMS’s ability to predict the NO2 and PM10 concentration levels at the street scale (see Figure 

3). On the other hand, a number of further potential enhancements were identified in order to 

improve methodological background of this approach, such as the incorporation of additional 

variables in the statistical relationships (e.g. traffic-induced turbulence). 

 

Finally, Figure 4 presents the user interface and indicative results as regards the back-

trajectories module, as well as indicative results of the reanalysis module for NO2. 
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Figure 2: Diurnal pattern of calculated and observed PM10 concentrations at the regional 

background station of Agia Marina Xyliatou during a typical Saharan dust episode using the 

newly developed methodology for the calculation of the initial and boundary conditions. 

 

  
Figure 3: Indicative results of the street increment methodology for a traffic hot spot in the 

city of Nicosia, as regards NO2 (left) and PM10 (right). 

 

         
Figure 4: User interface and indicative results of the back-trajectories module (left) and of the 

reanalysis module for NO2 (right). 
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4 Conclusions 
 

As part of the continuous evaluation and improvement of the performance of the Cyprus 

AQMS, a range of modifications on its model core structure have recently taken place. Aiming 

at improving the system’s modelling skill, enhancements and additions in the main model 

components were implemented. An appropriate methodology has been developed for the 

integration of concentration fields provided by regional scale models of CAMS in the initial 

and boundary conditions of the system, so as to improve the its performance particularly during 

Saharan dust episodes. 

 

A street increment methodology was developed, based on a functional relationship scheme 

which allows for a correction of the street concentrations by establishing an operational 

correlation between the concentration increment, the local meteorological parameters, the street 

characteristics, the traffic emissions and the urban background concentrations. The 

methodology was incorporated operationally as an additional feature of the AQMS and 

evaluated during a pilot period of two months. The results of this application revealed a distinct 

improvement in the calculation of the street-level air quality status in the selected locations. 

 

Finally, additional features have been incorporated in the AQMS functionality in order to 

support air quality assessment and decision making, such as a versatile reanalysis module, as 

well as a user interface for the analysis of weighted back trajectories. 

 

Abbreviations 

 

AQMS     Air Quality Management System 

BC      Boundary Conditions 

CAMS Copernicus Atmosphere  

Monitoring Service 

DLI  Department of Labour Inspection 

 

OSPM         Operational Street Pollution   

Model 

ΣΔΠΑ         Σύστημα Διαχείρισης   

Ποιότητας Αέρα 

ΤΕΕ Τμήμα Επιθεώρησης Εργασίας
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ABSTRACT 

Climate change will affect all human societies in all their activities, though with different effects 

and to different degrees. In this frame, it is necessary to study in more detail some of the 

overlapping and interconnecting ways in which gender, climate change, global warming and 

energy issues are joint. According to the European Institute for Gender Equality (2012), there 

is a lack of data in order to support in depth research and analysis in this field.  

In the current paper, the lack of recognition of gender relations in climate and energy decision-

making and the efforts to establish this link are discussed. The particular gender issues arising 

in emergency cases or long-term changes in energy needs will be explored, followed by a 

discussion on the success and efficiency of mitigation measures under the gender perspective. 

Finally, special attention will be placed on the ways the energy policies could be gendered 

reflecting the potential limits to adaptation due to different men’s and women’s roles.  

 

Η διάσταση του φύλου στην ενεργειακή πολιτική 

Θ. Σλίνη και Φ.-Ν. Παυλίδου a  

a Τμήμα Ηλεκτρολόγων Μηχανικών και Μηχανικών Ηλεκτρονικών Υπολογιστών, Πολυτεχνική 

Σχολή, Αριστοτέλειο Πανεπιστήμιο, Θεσσαλονίκη 

 

ΠΕΡΙΛΗΨΗ 

Η κλιματική αλλαγή αποδεδειγμένα επηρεάζει όλες τις ανθρώπινες κοινωνίες σε όλες τις 

δραστηριότητές τους, με διαφορετικές ωστόσο επιπτώσεις και σε διαφορετικό βαθμό. Σε αυτό 

το πλαίσιο, είναι απαραίτητο να μελετήσουμε τους τρόπους διασύνδεσης της διάστασης του 

φύλου με την κλιματική αλλαγή, τη θέρμανση του πλανήτη και την ενεργειακή πολιτική. 

Σύμφωνα με το Ευρωπαϊκό Ινστιτούτο για την Ισότητα των Φύλων (EIGE, 2012) καταγράφεται 

σημαντική έλλειψη στοιχείων ώστε να πραγματοποιηθεί μια σε βάθος ανάλυση σε αυτόν τον 

τομέα. 

Στην παρούσα εργασία, αναγνωρίζεται η έλλειψη της οπτικής του φύλου κατά τη λήψη 

αποφάσεων αναφορικά με στρατηγικές που αφορούν στην κλιματική αλλαγή και την ενέργεια. 

Ιδιαίτερη προσοχή δίνεται στους τρόπους με τους οποίους οι ενεργειακές πολιτικές θα 

μπορούσαν να αντανακλούν τα πιθανά όρια προσαρμογής μεταξύ των φύλων, λόγω των 

διαφορετικών ρόλων που καλούνται να διαδραματίσουν στη σύγχρονη κοινωνία. 
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1 Introduction 
 

The EU policy has strongly identified and supported the gender mainstreaming development 

goals that are essential for a successful EU foreign policy. Women all over the world are 

especially affected by the consequences of climate, environmental and energy policies gather 

gender-specific data so as to conduct an impact assessment for women in the areas of climate, 

environment and energy policy (EU Strategy for equality between women and men post 2015 

(2014/2152(INI)). In these terms, climate change and global warming are issues that are often 

been addressed, however not in a totally inclusive and equitable manner for both genders. 

Technology transfer, capacity building of climate agreements and response planning should be 

inclusive and equitable so that both women and men can have access to, and benefit from, the 

development and transfer of new energy technologies.  

 

Energy poverty, that is often becoming an issue for developed countries, is conceived and 

experienced differently between genders. For example, in terms of carbon footprint 

implications regarding the way women and men spend their time. In general, women spent 

more time in household work than men do. Hence, the carbon generated during household work 

is higher for women than it is for men, slightly equivalent to the higher carbon associated with 

men commuting to work [1]. On the contrary, it is estimated that men spend more carbon (about 

26%) in leisure and recreation activities compared to women (accounting for 22%). This fact is 

attributed partly to more time spent in leisure and recreation for men than women. Furthermore, 

men tend to undertake more carbon intensive leisure activities than women do, and spend more 

time in out-of-home activities compared to women. 

 

In a similar way, in developing countries, the energy partition is also gendered with women 

often engaged in household activities more intensively and being responsible for household and 

community energy provision. Thus, with restricted access to basic energy services and modern 

facilities, women spend the majority of their daytime performing subsistence tasks, including 

time-consuming and physically draining tasks of collecting biomass fuels, which constrains 

them from pursuing equal employment and educational opportunities and improved quality of 

life and involvement in the social and political interaction outside the household [2]. The 

absence of significant political strategy, commitment and investment, energy poverty is 

foreseen to worsen over the next years.  

 

2 Gender and energy policies 

 

Significant gender inequalities remain at a global scale and is proved that they are closely linked 

to poverty and instability [3]. One the other hand, access to modern energy facilities and 

services enables women’s economic empowerment. Thus, one of the most critical challenges 

the global community need to address today is the provision of access to energy as well as 

improved energy facilities, in order to achieve the desired economic and social development 

and the Millennium development goals established by United Nations (UN) or the European 

Commission (EC). Towards this direction, the promotion of the use of renewable energy 

sources and technologies has the potential of increasing access to modern energy services in 

rural areas that currently have no access to grid electricity and pay higher prices for energy 

service delivery because of the transportation costs and inefficiency of traditional energy forms 

[4]. As described, due to the gendered character of the energy poverty, the access to modern, 

sustainable energy facilities can also significantly enhance the empowerment of women by 

reducing their time and equal employment opportunities, improving their health, and providing 

them with capacity building and extensive and effective entrepreneurship [5].  
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In the same context in the post-2015 development agenda [6], the gender-aware energy policies 

need to incorporate the gender aspect in all their dimensions: political, economic, 

environmental and social:   

 The political dimension refers to the way the energy is produced, provided and 

distributed. 

Gender differences can be integrated via the reconciliation and convention of diverse 

interests, energy forms and uses and supply mix. 

 The economic dimension is related to the potential financial resources and instruments as 

well as pricing policies that need to be analysed so as to identify the dispersed impacts 

between genders, while can reflect the income gap between men and women. 

 The environmental dimension of energy policy involves the dissimilar way in which 

energy production and use can affect female and male health [7, 8]. 

 Finally, the social dimension relates to the equality between genders and various social 

groups and the even accessibility to energy facilities and services (from house smokeless 

technologies for heating and cooking to appropriate street lighting for safety reasons). 

 

Taking these under consideration, a growing attention is being drawn to issues of energy within 

the international community, expressed at several initiatives at global, international and national 

level. E.g.: (a) the UN designated the year 2012 as “International Year for Sustainable Energy 

for All”, (b) the “Sustainable Energy for All Initiative” (SE4ALL) [9] was launched aiming to 

double the global rate of improvement in energy efficiency, and double the share of renewable 

energy in the global energy mix by 2030, (c) the High-Level Thematic Debate on Advancing 

Gender Equality and Empowerment of Women and Girls for a Transformative Post-2015 

Development Agenda was held on March 2015 [10].  
 

In adopting a gender-aware approach, it is useful to begin with the identification and the framing 

of the needs generated by the suitable authorities along with the consultation from key 

stakeholders and partners. Capacity building and skills development are required to broaden the 

participation of women at all levels of energy policy making, planning and project development 

and encourage women into leadership roles [11]. On the path to female leadership, aspiration 

needs to be raised through wider choices, experiences. The implementation activities can 

involve the technical skills, such as marketing, managing energy services and facilities or 

cultivate competence and gain experience about novel technologies and how to organize them 

in an optimum way [12]. Least but not last, regarding policy changes [13] capacity building 

involve the promotion of women in decision-making processes, the promotion to leadership 

roles, and scaling up actions to ensure the economic empowerment of women (Table 1). 
 

Table 1: Capacity building needs in gender mainstreaming 
Target Group Capacity building needs Tools 

Policy makers Willingness and determination to strengthen women’s 

leading roles in organizations  

Interaction with gender experts 

and researchers 

Energy experts Awareness of gender in research and innovation 

More efficient urban planning, with less spent on 

energy and maintenance costs  

Interaction with gender experts 

and sustainable policy makers 

 

Communities Support the participation of women in open processes 

for the social benefit  

Interaction with gender experts 
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3  Gender statistics 
 

One of critical gaps in the energy sector that hinders progress on gender equality and women’s 

empowerment is the absence of available monitoring data. A collection of data on gender can 

be combined aiming to enable the gender mainstreaming activities and the efforts serving as 

gender focal points to be fully effective.   

 

Due to the lack of data on energy, it is still interesting to present some gender statistics generated 

by the European Institute for Gender Equality (EIGE) and the World Bank database.  

 

EIGE [14], established to contribute to and strengthen the promotion of gender equality, 

including gender mainstreaming in all EU policies, has established the Gender Equality Index 

(GEI), build around built around six core domains - work, money, knowledge, time, power and 

health and two satellite domains: violence against women and intersecting inequalities. The EU 

average GEI, as presented in Figure 1, is slightly improved for the period 2005-2012. However, 

there is significant differences among European countries, especially between northern and 

southern members. Both Greece and Romania reveal an index value that remains significantly 

below the European average value, while at the same time Denmark and Sweden present a GEI 

value that exceeds enormously the average throughout the time period studied. Spain is proven 

to have a mean value of GEI that is similar to the reference value of the EU28. One should point 

out that countries hit by the economic crisis and mostly affected by the impacts of the financial 

downturn exhibit lower gender indicators, disadvantaging equality. Figure 2a presents women’s 

political power that is measured by indicators that examine representation in ministries, 

parliaments and regional assemblies. Similarly, Figure 2b presents the economic power that 

focuses on the share of women and men on the boards of the largest quoted national companies, 

in conjunction with the share of women and men in all key decision-making bodies in central 

banks across Member States. A decrease is apparent for the majority of the member countries 

from 2010 to 2012 reflected in the EU mean value, despite the progress made from the period 

2005 to 2010. Especially in Greece, the political power has also decreased in 2012, followed 

by a peak in 2010. The results are similar when it comes to the economic power, a domain that 

is slightly better in Greece as well as in the EU average.  

 

The proportion of female in leading positions in European countries is presented by the World 

Data Bank [15] indicator focused on the proportion of female legislators, senior officers and 

managers in were also analysed. It seems that there are gaps in the women’s presence in high 

rated positions among Denmark, Greece, Romania, Spain and Sweden for the period 1999-

2011. A slightly raising proportion of women in early 00’s is followed by a steep decline in 

2010-11 for Greece and Spain, mainly due to unfavourable financial situation and its negative 

impact in female employment. At the same time, Romania seems to have a steady profile from 

2004 and onwards with insignificant variation. On the other hand, Denmark reveals the lowest 

proportion of female senior officials and managers compared to the other member states 

presented, though exhibiting an impressive increase of women proportion in 2010 along with 

Sweden. 

 

4 Conclusions 
 

In terms of climate change, mitigation measures and energy, successful long-term action plans 

to promote RES and the transition to low carbon resilient development can only be established  
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Figure 1: The Gender Equality Index evolution in Denmark, Greece, Romania, Spain and 

Sweden for the period 2005-2012 (compared to the EU mean value). 

 

 

  
Figure 2: The (a) political and (b) economic power of women in Denmark, Greece, Romania, 

Spain and Sweden for the period 2005-2012 compared to the European mean value 

  

on the actions of both genders through their manifold roles as social and economic decision-

makers in households, businesses and communities. A striking approach, to both adaptation and 

mitigation, is the integration of a gender climate and energy risk and assessment framework 

that can help to clearly identify the risks that global warming poses for women’s social and 

economic situation and will provide the appropriate clarity so as the possible threats can be 

effectively addressed [16]. 

 

Moreover, lifestyle, habits, personal choices and responsibility are also worth taken under 

consideration and such an investigation can also enhance the comparison of results across future 

studies and strategies. The baseline information collected and presented in the previous section, 

even though it is not directly related to energy, points out the need for more detailed research 

and quantitative data focused in energy issues and projects, as Kassinis et al. also suggest [17]. 

The development and monitoring of gender-oriented and socially inclusive indicators can 

inform and update the planning and design of future actions promoting the gender 

mainstreaming in the field of energy, as well as contribute to and monitor energy access to the 

energy poor, including women and relatively disadvantaged social groups, energy use and 

habits [18, 19]. As poverty is documented as a multi-dimensional concept that encompasses the 
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notion of inequalities in access to and control over resources including rights, political voice, 

employment, information, and natural resources, one has to address gender inequalities [4].  

 

A step forward, specific targets need to be established for women’s participation in projects and 

programs designed to expand RES use and energy access. Towards the same direction 

initiatives committed on capacity building for women on RES business and the adoption of 

proper financing mechanisms can enhance the engagement of more women in the energy field 

and commit energy experts to apply a gender analysis in the development of climate and energy 

policies and projects. 
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ABSTRACT 

This paper describes the Combined Environmental Stressors’ Exposure (CENSE) tool and its 

application in the metropolitan Thessaloniki center. CENSE is a software for assessing personal 

exposure in urban areas based on combined dose and exposure indicators theory. 

Characterization of personal exposure is of vital importance in urban areas, since citizens spend 

a substantial portion of their time in spaces where exposures to pollutants are often highly 

elevated. Furthermore, an urban space or microenvironment needs to be characterized 

according to its environmental quality, especially if it is densely populated or usually crowded. 

As individuals are exposed to mixtures of environmental health stressors that comprise several 

environmental exposures simultaneously there is also a need to holistically address combined 

exposures. 

 

Λογισμικό για την αποτίμηση της προσωπικής έκθεσης σε αστικές 

περιοχές στη βάση δεικτών συνδυαστικής δόσης και έκθεσης 

Χ. Βλαχοκώστας, Γ. Μπανιάς, Α. Αθανασιάδης, Β. Ακύλας, Χ. Αχίλλαςa και Ν. 

Μουσιόπουλος  

a Σχολή Οικονομίας και Διοίκησης Επιχειρήσεων, Διεθνές Πανεπιστήμιο Ελλάδος, Θέρμη 

 

ΠΕΡΙΛΗΨΗ 

Η παρούσα μελέτη περιγράφει το εργαλείο Combined Environmental Stressors’ Exposure 

(CENSE) και μια εφαρμογή του στο μητροπολιτικό κέντρο της Θεσσαλονίκης. Το CENSE 

είναι ένα λογισμικό για την αποτίμηση της προσωπικής έκθεσης σε αστικές περιοχές στη βάση 

της θεωρίας των δεικτών συνδυαστικής δόσης και έκθεσης. Ο χαρακτηρισμός της προσωπικής 

έκθεσης είναι ζωτικής σημασίας σε αστικές περιοχές, με δεδομένο το γεγονός ότι οι πολίτες 

ξοδεύουν ένα σημαντικό μέρος του χρόνου τους σε χώρους όπου η έκθεση σε ρύπους είναι 

συχνά πολύ υψηλή. Λαμβάνοντας υπόψη ότι οι πολίτες εκτίθενται σε ένα μείγμα ρύπων που 

απειλούν ταυτόχρονα τη δημόσια υγεία, είναι σαφές ότι υπάρχει η ανάγκη για ολιστική 

αντιμετώπιση των συνδυασμένων πολλαπλών εκθέσεων.  
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1 Introduction 
 

Over the past decades, there has been great concern regarding air quality in urban centers. As a 

result of urbanization, such areas often present high levels of environmental health stressors, 

due to the combination of large number of citizens and their corresponding activities. It is 

generally accepted that exposure to such environmental stressors, even though it mainly 

characterizes densely populated urban areas such as metropolitan centers and or urban core 

microenvironments [1], may pose serious implications for health and environmental 

management [2]. It is commonly accepted between health experts that, even in current ambient 

urban levels, chemical air stressors aggravate morbidity and may lead to premature mortality 

[3]. Furthermore, excessive exposure to physical stressors such as noise or radiation, is 

associated with annoyance and reduced quality of life [4]. There is also concern about the 

possible health impacts related to the modification of environmental variables due to the climate 

change (e.g. extreme cold or heat stress may have acute and medium term effects) [5], and 

aeroallergens such as pollens, especially those with high allergic potential for children [6]. 

Finally, it is highly probable that there is a large number of health stressors yet to be discovered, 

since the current state of knowledge has still gaps and numerous uncertainties [7].   

 

On the basis of the aforementioned, an urban space or microenvironment needs to be 

characterized according to its air quality. Exposure to environmental health stressors is 

meaningful where there is high density of receptors. Thus, the prior characterization is even 

more crucial in densely populated or usually crowded spaces. And that is because on the one 

hand citizens have to spend a substantial amount of time in spaces where exposure to health 

stressors is often highly elevated, while on the other hand, their corresponding activities are 

likely to induce emission of potentially hazardous environmental health stressors. The space of 

interest may either be a closed environment with well-defined boundaries (e.g. the interior of a 

car), or an open-air one such the saddle of a bicycle or the pavement that pedestrians use to 

walk. Individuals are often exposed to a mixture of pollutants, rather than being exposed to a 

pollutant in particular. As a result, exposure to environmental health stressors in urban areas, 

should be assessed in a holistic and integrated way [8]. Exposure to environmental health 

stressors is known to induce direct and indirect responses to humans. Furthermore, the effects 

may vary significantly from individual to individual and are highly dependent upon the 

presence of other stressors, since there are complex synergetic mechanisms between different 

pollutants. Provided that environmental stressors are regarded in combination, and given the 

fact that environmental quality is time and space dependent [9], characterization of urban spaces 

relevant to decision making should include a vast amount of information about each particular 

stressor. 

 

This paper presents the Combined ENvironmental Stressors’ Exposure (CENSE) tool. CENSE 

is a tool developed to assess combined exposure to environmental pressures in urban areas in a 

holistic and easy to comprehend manner. On top of being able to take multiple stressors into 

account, it is also designed to account for the citizens’ activities. Whether those activities 

include commuters driving or riding means of transport in traffic (e.g. driving a car or riding a 

bicycle), walking (or standing or running) in busy and congested streets, or even working or 

living in busy and trafficked roads, the performed activity is of great importance in the effort to 

assess combined exposure to environmental health stressors in urban areas.  
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2 The software 
 

2.1 Theoretical background 

 

CENSE enables the user to assess combined exposure in urban areas. In order to do so, it 

calculates the levels of combined exposure making use of two cumulative exposure indicators 

i.e. the Combined Exposure Factor (CEF) and the Combined Dose and Exposure Factor (CDEF) 

[8]. CEF is algebraically incorporated into the algorithmic model as: 

𝐶𝐸𝐹(𝑇) = ∑ 𝑤𝑖 ∙
𝐸𝑠(𝑖) −  �̅�𝑡(𝑖)

�̅�𝑡(𝑖)

𝑃

𝑖=1

 

where: 

CEF (T): Combined Exposure Factor, -1≤ CEF (T)≤ +∞ 

P: Number of environmental health stressors considered in the analysis, 1≤ I ≤P. 

𝑤𝑖: Weighting factor for environmental health stressor i. 

𝐸𝑠(𝑖): Limit value of exposure to environmental health stressor i. 

�̅�𝑡(𝑖): Average exposure to environmental health stressor i. 

 

CEF captures co-exposure to several environmental health stressors with the weighted average 

of sub-indices that express the relative weight of the exposure levels compared to the limit value 

of the exposure. The numerator represent the margin of exposure (MOE), which is widely used 

in exposure and risk assessment of environmental chemicals [10]. That limit value can be a 

legislative environmental quality standard or any other exposure level that can be perceived as 

a threshold. However, for the case of carcinogenic environmental stressors such as benzene, 

zero may be used as a threshold. On top of the CEF concept, the combined dose and exposure 

factor (CDEF) concept is also proposed in an attempt to take into account the potential relative 

uptake of chemical health stressors due to the respiratory rates by considering individuals’ 

activities. CDEF is algebraically incorporated into the algorithmic model as: 

𝐶𝐷𝐸𝐹(𝑇) = ∑ 𝑤𝑗 ∙
𝐷𝑠(𝑗) −  𝐷𝑡

̅̅ ̅(𝑗)

𝐷𝑡
̅̅ ̅(𝑗)

𝐽

𝑗=1

+ ∑ 𝑤𝑟 ∙
𝐸𝑠(𝑟) −  𝐸𝑡

̅̅̅(𝑟)

𝐸𝑡
̅̅̅(𝑟)

𝑅

𝑟=1

 

𝐷𝑡
̅̅ ̅(𝑗) =

�̇�𝑎𝑖𝑟

�̇�𝑎𝑖𝑟,𝑚𝑖𝑛

∙ 𝐸𝑡
̅̅̅(𝑗) 

where: 

CDEF (T): Combined Dose and Exposure Factor, -1≤ CDEF (T)≤ +∞. 

J: No of chemical health stressors with estimated intake considered in the analysis, 1≤ j≤ J. 

𝑤𝑗: Weighting factor for chemical health stressor j. 

𝐷𝑠(𝑗): Upper dose equivalent to 𝐸𝑠(𝑗) for chemical stressor j. 

𝐷𝑡
̅̅ ̅(𝑗): Average dose that can be attributed to �̅�𝑡(𝑗), based on the estimated relative uptake of 

pollutant j. 

�̇�𝑎𝑖𝑟: Typical minute air volume (l/min), which is the product of the average respiratory rate 

(breaths/min) and the volume per breath. 

�̇�𝑎𝑖𝑟,𝑚𝑖𝑛: Minimum typical minute air volume. 

R: Number of physical health stressors considered in the analysis, 1≤ r≤ R. 

𝑤𝑟: Weighting factor for physical stressor r. 

𝐸𝑠(𝑟): Limit value of exposure to physical stressor r. 

�̅�𝑡(𝑟): Average exposure to physical stressor r. 

 

In a sense, CDEF provides a “correction” to the CEF indicator by offering a characterization in 

terms of the potential dose of the recipient rather than just the exposure. However, when the 
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dose approach cannot be used, e.g. in case of physical stressors such as noise or radiation, the 

CDEF formulation keeps the rationale mentioned in the analysis of the CEF indicator. The scale 

of how CEF/CDEF values proposed by the aforementioned methodological scheme and 

adopted by the CENSE tool, relate to actual exposure levels and characterizations is indicated 

in Figure 1. 

 
Figure 1: Relative CEF/CDEF scale [8]. 

 

2.2 Technical background 

 

The CENSE tool is an application entirely designed in the object oriented programming (OOP) 

environment of Delphi 10. Delphi, as part of the Embarcadero rapid application development 

(RAD) studio features a number of advantages, enabling the developer to create cross-platform 

applications that feature appealing graphical user interface (GUI) and powerful capabilities. 

 

CENSE incorporates the theory analyzed above, into a distinct, easy-to-use framework, without 

compromising the capabilities and the flexibility of the CEF/CDEF indicator approach. The 

main stages in the assessment are presented in Figure 2. After the introductory form where 

general information about CENSE may be obtained, the user can proceed to the main form. The 

main form features a tabbed design, so that the user is discretely guided through the process. 

Initially, the problem must be fully defined. In order for the problem to be defined, the user has 

to provide the input data regarding the location of the urban space or microenvironment, as well 

as the stressors and activities that will be taken into consideration. This should be done through 

the “Location”, “Stressors” and “Activities” tabs respectively. The location of interest is 

selected with the featured Google Maps API while for each stressor selected, the user has to 

provide the corresponding weighting factor, threshold and measurement. CENSE features a set 

of tools making the process of inserting the stressor data easier such as the option to load the 

measurement data from a file, and the option to apply various filters. For each activity taken 

into consideration the typical minute air volume must also be provided, in addition to the 

minimum minute air volume. The user has the option to change the default values recommended 

by the analytical work of Adams [11], McNabola et al. [12] and Vlachokostas et al. [8]. After 

providing all the required data, the user may proceed in calculating the CEF and CDEF per 

activity indicators in the “Results” tab. Finally, a report containing the main input data, the 

results and a cumulative representative graph can be obtained through the “Report” tab.  

 

The software features a user friendly design, making it possible for inexperienced users to use 

the software in order to conduct an assessment. There is a great deal of supportive features, 

which combined with the negligible time required for calculation, make CENSE a really useful 

tool for assessing combined exposure to health stressors in urban areas. More information on 

CENSE’s technical background and operation instructions can be found in the operation manual 

(aix.meng.auth.gr/~vlahoco/cense.exe). 
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Figure 2: Main work-flow diagram for the CENSE tool. 

 

3 Case study 
 

3.1 Location 

 

As mentioned above, the urban space and/or microenvironment for which the assessment will 

be conducted is significant, as it combines some specific characteristics. Exposure to stressors 

is meaningful in spaces that combine high stressor concentrations and high receptor density and 

activities. Thus, for the particular case study, Thessaloniki’s city center was chosen. 

 

Thessaloniki is the second largest Greek city, and is located in northern Greece (Figure 3). It is 

one of the largest and most populated cities in the Balkan region and a major economic, 

industrial, commercial and political center of the southern Europe. Due to its important 

geopolitical position, it is also a major transportation hub for the rest of the south-eastern 

Europe. Furthermore, the city center is pretty dense, featuring large numbers of citizens 

performing a wide variety of activities. In addition to the above, there is also a large number of 

vehicles commuting through the area, thus making this particular urban space ideal for air 

quality assessment. 

 

3.2 Stressors 

 

The stressors estimated in the analysis are important, as an improper selection may produce 

misleading results. For this case study, fixed-site measurements for PM10, NO2 and O3 
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conducted in the city center by the Air Pollution Monitoring Network of Central Macedonia 

Region are used. In addition to the above data, portable measurement data is also used for CO, 

VOCs, benzene and noise levels [8]. The data covers a period from March 2010 until February 

2011 for the morning and evening rush hours (09:00-11:00 and 19:00-21:00 respectively). The 

mean concentration for each stressor is shown in Table 1.  

 

 
Figure 3: Thessaloniki and the city's center. 

 

The weighting factors provide means of giving relative importance to each stressor, considering 

the local characteristics. An experts’ group was set up in order to reliably decide upon the 

weighting factors for this case study. The decision was made on the basis of each stressor’s 

significance considering the association with specific health endpoints, perceived reliability of 

the available epidemiological associations and finally, the perceived status of each health 

stressor in the area compared to environmental standards. The weighting factors are shown in 

Table 1. The upper threshold for each stressor, is also shown in Table 1. For most of the stressors 

the air quality standards or guidelines were used, with the exception of benzene. For benzene, 

the zero threshold is proposed, on the basis of its high carcinogenic potential. 

 

Table 1: Stressor input data. 

Stressor 
Relative 

Importance 

Upper 

Threshold 

Concentration 

09:00-11:00 

Concentration 

19:00-21:00 

Concentration 

Mean 

CO 0.059 8.70 ppm 0.67 0.73 0.69 

NO2 0.085 200 μg/m3 27.11 27.87 27.49 

PM10 0.299 90 μg/m3 51.03 48.94 49.98 

O3 0.108 120 μg/m3 37.16 55.26 46.26 

Benzene 0.246 0 ppb 0.68 0.72 0.69 

VOCs 0.111 37.5 ppb 44.67 57.26 48.78 

Noise 0.092 67 dB 66.83 64.32 65.57 

 

3.3 Activities 

 

All activities with the exception of those involving cars or motorcycles were taken into account 

for the case study with their default minute air volumes. This exception is due to the lack of 

representativity between the fixed-site measurements and the actual concentration in the traffic 

plume. 
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4 Results  
 

The results of the case study which are synoptically presented in Figure 4 reveal a specific and 

relatively obvious pattern. While the CEF values for all the examined scenarios correspond to 

“Good” or “Very Good” levels of exposure, that’s not the case when the CDEF values are taken 

into account. CDEF values for mild physical activities also correspond to relatively good levels 

of exposure while CDEF values for intense physical activities correspond to worse levels, 

ranging from “Poor” to “Hazardous”. By a glance at the results the need to “correct” the CEF 

indicator with the CDEF is made obvious.  

 

 
(a) 

 
(b) 

Figure 4: CENSE's cumulative report for the (a) morning and (b) evening period. 
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5 Conclusions 
 

CENSE is the first software attempt to address combined exposure to health stressors in urban 

areas. It is capable of taking multiple chemical and physical stressors into account, minimizing 

calculation time and offering relatively easy to use functionality, while maintaining the 

underlying theory’s flexibility. Thus, using CENSE does not require much familiarity or 

advanced scientific knowledge, while it is fairly simple to apply CENSE for virtually any urban 

space, providing there is sufficient and reliable data. CENSE also provides tools for making 

data exchange easier among CENSE users.  

 

However, CENSE is an application and it does not substitute the researcher. The results 

provided, are as accurate as the import data. Furthermore, it is not an epidemiology software 

and it would be wrong to view it like one. Thus, the use of CENSE highlights the need for 

extended study in order to fill the knowledge gap regarding various stressor synergies, as well 

as the need for portable measurement campaigns since it’s made fairly obvious that there are 

severe representativity issues with fixed-site measurements. Nevertheless, CENSE can be a 

useful tool in urban planning and sustainability considerations. 
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Laboratory research profile 
 

The Laboratory of Heat Transfer and Environmental Engineering conducts research in the fields 

of energy systems and environmental engineering with emphasis on air quality, combustion and 

emissions, the rational use of raw materials and energy, the assessment of the environmental 

burden caused by various processes and the optimisation of environmental control and 

management practices. Scientific work spans over a wide range of areas, from air pollution 

modelling to Life Cycle Analysis and Ecodesign, and from waste management studies to Multi-

Criteria Decision Analysis and Environmental Impact Assessment studies. This multidiscip-

linary approach allows arriving at innovative solution concepts that may be useful for policy 

makers and constitute important steps towards sustainability. 

 

The following sections summarise the priority objectives and methodologies followed in the 

Laboratory’s main research themes and contain examples for research projects with active 

participation of the Laboratory staff. More details can be found on  http://aix.meng.auth.gr/. 

 

1. Air pollution (measurement, simulation, management) and climate change 

Since 1990 the Laboratory constitutes a significant actor at an international level in the science 

of air pollution, with the main objective to develop and apply innovative modelling systems for 

integrated air quality analysis in urban and industrial areas, both for retrospective studies and 

for environmental planning purposes. Over more than 25 years, the Laboratory was involved in 

various research projects related to the application, evaluation and improvement of air quality 

assessment methodologies and tools. Recent examples have been the MEGAPOLI, 

TRANSPHORM, PM3 and APPRAISAL projects.  

 

Within the MEGAPOLI (Megacities: Emissions, urban, regional and Global Atmospheric 

POLlution and climate effects, and Integrated tools for assessment and mitigation) project 

(http://megapoli.info/), the Laboratory examined methods for bridging the spatial and temporal 

scales that connect local emissions, air quality and weather patterns in a megacity environment. 

For this purpose, a two-way coupling methodology was developed and applied between 

mesoscale and microscale models for the urban area of Paris. In TRANSPHORM (Transport 

related Air Pollution and Health impacts – Integrated Methodologies for Assessing Particulate 

Matter http://www.transphorm.eu/), the Laboratory was primarily involved in the improvement 

of atmospheric dispersion modelling systems by focusing on the advanced treatment of specific 

emission sources related to the transport sectors, as well as on the development of simplified 

parameterisations for the assessment of urban concentration increments.  

 

The PM3 (Particulates Monitoring, Modelling and Management) project aimed at facilitating 

efficient Particulate Matter (PM) management in the Republic of Cyprus. In this project, the 

Laboratory was responsible for street scale modelling as part of an integrated modelling system, 

in order to assess the contribution of different PM sources in levels inside street canyons. The 

preparation of effective air quality plans is a pre-requisite for compliance with EU air quality 

http://megapoli.info/
http://www.transphorm.eu/


Laboratory research profile 

 

182 

legislation and for successful air quality management. In this context, the APPRAISAL (Air 

Pollution Policies foR Assessment of Integrated Strategies At regional and Local scales) project 

(www.appraisal-fp7.eu) aimed at providing insights on the way local and regional measures of 

air quality plans are implemented, but also on the way their efficiency is measured. Our role in 

this project focused on the review of air quality assessment and uncertainty methodologies at 

different horizontal scales. We also participated in the preparation of the guideline documents 

for Integrated Assessment Modelling. 

 

Our Laboratory played a leading role in various COST Actions. Recent examples are Action 

ES1004 (http://eumetchem.info/), concentrating on online integrated air quality and meteoro-

logy modelling with emphasis on the significance of feedback mechanisms, and Action ES1006 

(http://www.elizas.eu/) aiming at delivering an integrated modelling tool for managing 

accidental or deliberate releases of hazardous agents in complex built environments.  

 

With regard to consulting services relevant to air quality management, the Laboratory has 

developed a state-of-the-art Air Quality Management System (AQMS). The system has been 

installed in the Department of Labour Inspection (DLI) of the Ministry of Labour and Social 

Insurance in the Republic of Cyprus and in the Organization of Planning and Environmental 

Protection of Thessaloniki, Greece (http://www.oset.gr/air-quality.aspx). The AQMS interface 

can be operated by authorised users to support air quality related assessment and decision 

making by performing air quality calculations based on custom emission scenarios. 

 

An applied study contract awarded to LHTEE was the participation in the “Re-think Athens” 

project (http://www.rethinkathens.org/) through a contribution to the associated Environmental 

Impact Assessment study. “Re-think Athens” aimed at contributing to the recreation of the 

centre of the Greek capital, converting large parts of it to pedestrian and bicycle friendly areas. 

Within the above context, the impact of the “Re-think Athens” project on the air quality of the 

intervention area and surrounding areas was assessed.  

 

Through its participation in the AIRTHINGS project launched 2017 under the INTERREG 

Balkan Mediterranean Programme 2014-2020, our Laboratory contributes to the formation of 

a citizen-centric oriented consortium of cities and universities towards fostering transnational 

cooperation for resource efficiency and climate change resilience. This project takes advantage 

of the latest available monitoring technologies by installing smart IoT air sensors with the main 

aim to allow researchers, policymakers and residents to cooperate in specific actions that will 

make the cities healthier, more efficient and more livable. 

 

The future plans of the Laboratory in atmospheric research include the refinement and 

application of computationally efficient multi-scale coupling approaches for the calculation of 

air flow and pollutant dispersion over urban areas. Moreover, we work towards an improved 

description of local scale aerosol dynamics in our models. Focusing on ultrafine exhaust 

particles, the investigation of accurate exposure patterns in relation to urban street traffic will 

enable the improved assessment of impacts to human health.  

 

2. Combustion, particulate emissions, emissions evaluation and projections 

The Laboratory personnel has been contributing to the development of COPERT software on 

behalf of the European Environment Agency. The software (currently COPERT 5 version) 

provides the methodology and the emission factors for the compilation of an emission inventory 

at national or urban level. Emission factors used in the model come from different research 

http://www.appraisal-fp7.eu/
http://eumetchem.info/
http://www.elizas.eu/
http://www.oset.gr/air-quality.aspx
http://www.rethinkathens.org/
http://vergina.eng.auth.gr/mech/lat/copert/copert.htm
http://vergina.eng.auth.gr/mech/lat/copert/copert.htm
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projects including own work within the Laboratory and meta-data analysis originating from 

emission measurement databases in the public domain. COPERT 5 is globally the most 

widespread model for the calculation of road transport emissions and emission factors. 

 

COPERT emission modelling is also being used in a forecasting mode to run different scenarios 

for future evolution of road transport emissions. This is conducted for sensitivity analysis and 

assessment of different policy options, related to transport. The Laboratory has access to 

detailed databases of fleet and activity data for a multitude of vehicle categories for all EU 

countries. These are combined with emission factors derived from COPERT to assess how 

emissions can evolve in the future under different assumptions. These projections have been 

used to support EU policy on a number of vehicle emissions control regulations. 

 

Finally, the Laboratory – in collaboration with other laboratories within the Mechanical 

Engineering Department – can conduct a multitude on experiments on characterising emissions 

from vehicles exhaust and from industrial sources or monitoring concentrations in the ambient 

environment. Further to regulated gaseous pollutants, detailed characterisations of particulate 

populations can be conducted, including size distributions, number, surface, and mass 

concentrations. Typical equipment that is used for such kind of characterisations include 

Condensation Particle Counters, Scanning Mobility Particle Sizers, Diffusion Chargers, an 

Electrical Low Pressure Impactor, Photoacoustic Sensors, Escaping Current Sensor, etc.  

 

3. Built environment (energy balance, air quality) and renewable energy 

A key priority of our Laboratory’s research in this field is to contribute to the development of 

novel technological concepts and to provide qualified support in the rational use of energy in 

the building sector, the achievement of high levels of indoor environmental quality, the use of 

renewable energy sources and the implementation of energy policies. Several tools are applied 

for meeting these targets, from the analysis of the urban microclimate to the features of state-

of-the-art building materials and LCA / LCC analyses of energy systems.  

 

Already in the previous decade, our Laboratory co-ordinated the ATREUS (Advanced Tools 

for Rational Energy Use towards Sustainability with emphasis on microclimatic issues in urban 

applications) project aiming to improve the knowledge in the field of sustainable urban 

development by optimising heating, ventilation and air-conditioning systems as well as 

maximising the benefit from the large potential of renewable energy sources. Among the main 

project objectives was to capitalize on the expertise of several project partners on the parameters 

determining the micro-climatic environment around buildings, applying wind tunnel modelling, 

using various numerical models (e.g. weather prediction models, Computational Fluid 

Dynamics (CFD) and regulatory models), and performing field measurements.  

 

One of our main research topics in this field has been the application of photocatalytically active 

surfaces for the abatement of air pollution in the coupled indoor – outdoor environment. In the 

frame of the PhotoPAQ project (http://photopaq.ircelyon.univ-lyon1.fr/) within the LIFE+ 

Programme, the Laboratory focused on assessing the de-pollution and de-soiling effectiveness 

of TiO2 coatings with the use of state-of-the-art CFD tools. We also conduct research related to 

energy saving technologies both in terms of energy consumption of the building sector, as well 

as the optimisation of renewable energy sources for increased final energy production at a 

reduced cost, with special focus on the optimisation of wind farms in a complex terrain.  

 

http://photopaq.ircelyon.univ-lyon1.fr/
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The future plans of the Laboratory in energy systems include research on innovative, more 

energy efficient and environmentally friendly technologies in the building sector, as well as the 

analysis of options for an efficient energy design with emphasis on the integration of renewable 

energy sources and waste-to-energy approaches in the energy mixture.  

 

4. Sustainable production and waste management 

This field is being addressed within our Laboratory along three axes: First, addressing specific 

real-life related problems on end-of-life management, integrated product policy and sustainable 

resource management in close collaboration with competent stakeholders from the state, 

regions, local authorities and the industry, as well as NGOs. Examples include municipal waste 

reduction and overall associated cost savings, recycling in the industrial sector and development 

of new advanced materials and products from waste resources. Second, modelling, assessing 

and optimising waste management systems at multiple geographical (e.g. transnational, 

regional and local) and systemic (e.g. urban, industrial, agricultural, etc.) levels with 

sophisticated simulation, decision support and assessment tools based on Geographic 

Information Systems, Multi-Criteria Decision support, Life Cycle Assessment, Full-Cost 

Accounting and technology analysis. Last but not least, the energetic utilization of biomass and 

waste, e.g. through biogas production constitutes a conversion approach, with a manifold of 

advantages including minimizing logistics costs and promoting local entrepreneurship, thus 

providing a means of boosting sustainable energy and waste management on local and regional 

scale.  

 

As integral part of sustainability initiatives, green supply chain management has emerged as a 

key strategy that can provide competitive advantage with significant gains for a company’s 

bottom line. In that sense, the intent in designing green supply chains is to adopt best practices 

right from product conception to the end-of-life recycling stage. In this area, the Laboratory 

was actively involved in the GREEN-AgriChains (http://www.green-agrichains.eu/) project 

which aimed at further enhancing its research potential so as to be established as a prominent 

stakeholder of innovation in the areas of green supply chain management, particularly in the 

agri-food sector. All aspects of supply chain design and planning that support green chains were 

comprehensively tackled, including among others reverse supply chain networks and logistics, 

waste management and packaging reuse, green procurement and sourcing, transportation, 

energy consumption efficiency, carbon management, green marketing, green accounting, and 

corporate social responsibility (CSR). 

 

Waste management pressures, challenges and opportunities are issues receiving particular 

research attention by our Laboratory. As an example of a recent activity in this direction, the 

PAYT project aimed at promoting the integration of Information Technologies (IT) into the 

waste management chain for supporting the "Pay As You Throw" concept in an effort to 

produce a new and complete commercial service to local authorities. The project aimed at the 

development and implementation of a customized user (recycler) identification system (smart 

card, thumb scan, PIN, etc.) which would provide local authorities and citizens with a virtual 

identity and store relevant data. Furthermore, we participated in the LIFE+ CLAYGLASS 

project (http://www.lifeclayglass.es/) seeking to address climate change adaption of the 

structural ceramic industry. The main objective of the project was to reduce the environmental 

impact in this industrial branch by including recovered glass, as a flux, in the ceramic mass. 

The use of this component enables a decrease of cooking temperature, which leads to energy 

savings of 20-25% and a decrease of CO2 emissions of manufactured products. 

 

http://www.green-agrichains.eu/
http://www.lifeclayglass.es/
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Food security and resource scarcity are among the most important current sustainability issues. 

Research is focusing on circular economy aspects as well as on the need for a paradigm shift in 

both urban and agriculture development, planning and policy formulation to ensure access to 

urban food security, improved environmental management and enhanced rural-urban linkages. 

Along these lines, our Laboratory contributes to the projects BIOREGIO and MADRE, both 

launched 2017. The former aims at improving regional policies through increased focus on 

circular economy of biological streams comprising food waste/bio waste, municipal and 

industrial sludge and agricultural residues. BIOREGIO will improve knowledge related to 

policies and technologies of biological streams and increase the low recycling rates of these 

materials. The project aims to transfer the expertise of best available technologies, e.g. bio 

refinery, biogas production, and relevant operation models, e.g. ecosystems, networks and 

administrative cooperation. MADRE’s objective is to provide a better insight into the 

environmental price of food by supplying metropolitan and periurban agriculture with key 

players (from the quadruple helix) and to create a transnational cooperation in the 

Mediterranean area. With the objective to foster a change process in the metropolitan food 

supply model, the project will capitalize on the wide set of academic knowledge, pilot actions 

and policies, networks and transnational cooperation. 

 

5. Environmental management and assessment 

The Laboratory has extensive experience working with local, national and international 

organizations and authorities in an effort to tackle environmental problems through the 

application of environmental management tools (e.g. Life Cycle Analysis, Quality Management 

Systems and Multi-Criteria Decision Analysis) as well as specialized information systems. 

Over the years we developed the ability to engage experts from a range of scientific fields who 

have professional knowledge and experience of up-to-date environmental management 

practices, generated by the participation in a large number of both internal and external audits 

and the cooperation with a number of certification bodies. 

 

Research activities related to environmental management and assessment are widespread. Apart 

from various studies conducted in the past, an impression of the various aspects included in this 

theme is provided by the projects ALTER ECO, eMobilita and REMEDIO launched 2017. 

 

The ALTER ECO (Alternative tourist strategies to enhance the local sustainable development 

of tourism by promoting Mediterranean Identity) project aims at an improved knowledge and 

better decision making capacities in the field of sustainable tourism, including a better use of 

observation, monitoring and planning. The Mediterranean area is under threat due to 

inappropriate practices and development associated with mass tourism. As a consequence, areas 

of high tourist attraction in coastal cities are reaching their limit of carrying capacity, with a 

direct negative impact on the urban environment and on other elements of importance for 

sustainability. The project provides the opportunity of testing in representative cities existing 

methodologies and tools developed in past projects in the field of sustainable tourism or 

proposed by key stakeholders, with the aim to reach holistic and realistic tourism strategies at 

local and regional level that allow transferability in the Mediterranean area. 

 

Transition towards electromobility is one of the most significant ongoing processes affecting 

the urban environment. EU member states consider various options for accelerating 

electromobility integration in urban transport. Studies on the approaches suggested will be 

shared within the eMobilita project consortium and with different stakeholders (local 

authorities, producers of electric vehicles and recharging stations). This will provide the basis 
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for increasing the interest in electromobility integration in urban transport as a multidimensional 

innovation. The practical integration of electromobility passes through the sharing of innovative 

ideas with relevant stakeholders by carrying out field studies, in-depth interviews and electronic 

on-line studies. The project will concentrate on the conditions, prerequisites and incentives for 

electromobility integration in urban transport and elaboration of a roadmap for its development. 
 

Last not least, the REMEDIO (REgenerating mixed-use MED urban communities congested 

by traffic through Innovative low carbon mobility sOlutions) project aims at strengthening the 

capacity of cities to use low carbon transport systems and include them in their mobility plans 

by testing existing mobility solutions. For this purpose, an assessment tool and participatory 

governance schemes are foreseen that result in an operational path replicable by other urban 

areas with different city sizes. The project addresses the challenge of the high density areas 

surrounding the city centres with commercial and directional roads often suffering from traffic 

jam to the point of becoming wounds in the connectivity of the wide spread city and elements 

of additional economic crisis and even social exclusion. 
 

6. Policy support and entrepreneurship 

As a more horizontal activity area of our Laboratory, we are increasingly involved in projects 

aiming to provide expert decision support to policy towards sustainability, regarding 

technological, managerial and socio-economic issues, in order to bridge the gap between 

technical, economic and ecological related know-how on the one hand and political decision 

making on the other. 

 

Within the "Energy for Mayors" frame (http://energyformayors.eu), the Laboratory was 

involved in the preparation of successful sustainable energy action plans necessary for long-

term urban sustainable development. The Covenant of Mayors is the mainstream European 

movement involving local and regional authorities aiming at an increase of energy efficiency 

and the use of renewable energy sources in their area. For translating their political commitment 

into concrete measures and projects, Covenant signatories develop and implement action plans 

and engage their citizens and local stakeholders in energy-related action. 

 

In the frame of the Urban Empathy (Empowering Policies in Urban Sustainability) project 

(http://www.urbanempathy.eu/) we contributed to the development of a permanent structure 

bringing together projects, policy makers and stakeholders to share and capitalize study results 

to improve the efficiency of sustainable urban policies in the Mediterranean. Urban Empathy 

also aimed to better promote the implementation and development of Urban Sustainable 

Models, to be included in the next programming period calls through the development of the 

Sustainable Urban MOdel (SUMO) toolkit.  

 

Another important activity area of our Laboratory is Entrepreneurship in Education. In line with 

initiatives at EU level with the aim to promote entrepreneurial mind-set in society 

systematically and with effective actions, we participate since 2017 in the TRANS-EDU-NET 

(Transnational educational network for young people - new technologies and entrepreneurial 

thinking in the tourism industry) project. Our collaboration in this project consists primarily in 

the design of entrepreneurial education modules associated with the tourism industry. 

 

http://energyformayors.eu/
http://www.urbanempathy.eu/

