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• A spatially and temporally resolved emission inventory (Greece–Athens)
• Development of temporal coefficients for the disaggregation of road emissions
• Engine technology and fuel consumption determine annual variation of emissions.
• 40% of national CO, VOC and NMVOC and 30% of NOx and PM are emitted in Athens.
• CO, VOC and NOx are more sensitive to fleet composition and fuel type.
⁎ Corresponding author at: Department of Environme
Faculty of Physics, University of Athens, Building Physics
157 84, Greece. Tel.: +30 210 7276914.

E-mail addresses: kmfameli@phys.uoa.gr, kmfameli@n

http://dx.doi.org/10.1016/j.scitotenv.2014.10.015
0048-9697/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 12 June 2014
Received in revised form 5 August 2014
Accepted 6 October 2014
Available online xxxx

Editor: Pavlos Kassomenos

Keywords:
Emission inventory
Road transport
Dieselisation
Temporal coefficients
Athens
Greece
Traffic is considered one of themajor polluting sectors and as a consequence a significant cause for themeasured
exceedances of ambient air quality limit valuesmainly in urban areas. TheGreater AthensArea (located inAttica),
themost populated area in Greece, faces severe air pollution problems due to the combination of high road traffic
emissions, complex topography and local meteorological conditions. Even though several efforts were made to
construct traffic emission inventories for Greece and Attica, still there is not a spatially and temporally resolved
one, based on data from relevant authorities and organisations. The present work aims to estimate road emis-
sions in Greece and Attica based on the top down approach. The programme COPERT 4 was used to calculate
the annual total emissions from the road transport sector for the period 2006–2010 and an emission inventory
for Greece and Attica was developed with high spatial (6 × 6 km2 for Greece and 2 × 2 km2 for Attica) and tem-
poral (1-hour) resolutions. The results revealed that about 40% of national CO2, CO, VOC and NMVOC values and
30% of NOx and particles are emitted in Attica. The fuel consumption and the subsequent reduction of annual
mileage driven in combination with the import of new engine anti-pollution technologies affected CO2, CO,
VOC and NMVOC emissions. The major part of CO (56.53%) and CO2 (66.15%) emissions was due to passenger
cars (2010), while heavy duty vehicles (HDVs) were connected with NOx, PM2.5 and PM10 emissions with
51.27%, 43.97% and 38.13% respectively (2010). The fleet composition, the penetration of diesel fuelled cars,
the increase of urban average speed and the fleet renewal are among the most effective parameters towards
the emission reduction strategies.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

According to the Air quality in Europe— 2013 report (EEA, 2013a) up
to a third of Europeans living in urban areas are exposed to air pollutant
levels that exceed the European Union air quality standards thus posing
a threat to the urban environment and human health (Hoek et al.,
2002). Traffic is considered one of the major polluting sectors and as a
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consequence a significant cause for themonitored exceedances of ambi-
ent air quality limit values mainly in urban areas (EEA, 2013a). In 2011,
the contribution of road transport emissions to the nitrogen oxide
(NOx) and monoxide carbon (CO) in Europe amounted to 40% and
26%, respectively (EEA, 2013b). They are also a major source of particle
emissions (PM10 and PM2.5) (Pant and Harrison, 2013) and non-
methane volatile organic compounds (NMVOCs). Passenger cars (PCs)
and heavy duty vehicles (HDVs) are the principal contributors to NOx
emissions while, passenger cars alone are among the top five key
categories for CO emissions (EEA, 2013b). Moreover, concentrations of
NO2 and PM10 measured at a particular location are influenced by a
variety of local and distant sources. Using source apportionment
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techniques in order to establish the contributions made by transport
and other sources it was found that the EU-27 averaged contribution
of urban and local traffic to PM10 concentration was 34% in 2010 (mea-
sured at 29 urban traffic sites) (EEA, 2012).

In this framework the European Union set out legislations towards
cleaner engine technologies and fuels which have positively affected
emissions from road traffic (Colvile et al., 2001; Zamboni et al., 2009).
As a consequence, total emissions in EU-27 have dropped considerably
(reference period 1990–2011) including emissions of the three air pollut-
ants primarily responsible for the formation of ground-level O3: CO (64%
reduction in the EU-27, 57% for Greece), NMVOC (59% reduction in the
EU-27, 41% for Greece) and NOx (48% reduction in the EU-27, 9% for
Greece) (EEA, 2013b). Regarding NOx, the emission reductions from the
road transport sector have primarily been achieved as a result of fitting
catalysts to vehicles (driven by the legislative ‘Euro’ standards) (EEA,
2012). As far as Greece is concerned, the road transport share on national
pollutant emissions for 2010was about 60%, 32%, 21% and 7% for CO, NOx,
NMVOC and PM2.5, respectively (Table 1). Therefore, studying accurately
vehicles' emissions can enrich our knowledge towards the formulation of
efficient air quality management schemes (Tsilingiridis et al., 2002;
Giannouli et al., 2011), since the emission inventory is a key component
of any air pollution control programme (Souza et al., 2013).

The first comprehensive emission inventory for the road transport
sector for Greece was developed by Symeonidis et al., 2003 with the
use of COPERT (Computer Programme to Calculate Emissions from
Road Transport) II covering the period 1992–2000 and revealed the ef-
fects from the import of new catalyst cars in theGreekmarket. A spatial-
ly (10 × 10 km2) and temporally (1-hour) disaggregated anthropogenic
emission inventory of ozone precursors (NOx, NMVOC and CO) for the
southern Balkan region (including the Greek territory) was implement-
ed by Poupkou et al. (2007) adopting 2000 as a reference year.Markakis
et al. (2010) constructed an emission inventory for Greece for the year
2003 in a 10 × 10 km2 spatial and 1-hour temporal resolution respec-
tively. Concerning road transport emissions, two different approaches
were employed, the bottom-up approach that uses activity data like
traffic loads and driving speeds based on real circulation conditions
and the top-down approach that uses statistical information like fleet
composition and fuel consumption. For the bottom-up approach the
data were assembled in the year 1998 in the framework of the
“Environmental Inventory System for Transport” (EIST) project
(Symeonidis et al., 2003) and consisted of hourly traffic loads and vehi-
cle speeds for seven vehicle categories (passenger cars, taxis, light duty
vehicles, heavy duty vehicles, urban buses, coaches andmotorcycles) in
700 road segments of the national road network of Greece, 1001 road
segments in Athens and 1710 road segments in the city of Thessaloniki.
The traffic loads refer to a typical weekday and do not provide further
temporal information besides the hourly variation. For the top-down
approach data representing the circulating fleet in Greece and the two
urban centres (Athens and Thessaloniki) per vehicle type and engine
technology as well as the annual fuel consumption of gasoline and die-
sel, were also assembled within the EIST project for the year 1998. The
traffic counts were updated in order to be representative for the year
2003 with the use of fleet growth factors (per vehicle type and engine
technology) based on fleet projections (Kyriakis et al., 1998). Moreover,
Greece being a party of the Long-Range Transboundary Air Pollution
(LRTAP) Convention officially submits national emission data every
year to the European Monitoring and Evaluation Programme (EMEP)
Table 1
National total emissions (Gg) and emissions from road transport (Gg) for the year 2010 for
Greece (as reported to CLRTAP in 2012 — WebDab — EMEP database).

2010 CO NOx NMVOC PM2.5

National total 526.53 321.62 184.38 62.81
Road transport 317.78 103.56 39.09 4.40
% contribution to total emissions (60.35%) (32.20%) (21.20%) (7.00%)
via the United Nations Economic Commission for Europe (UNECE), on
a 50 × 50 km2 spatial resolution that are freely available online at
www.ceip.at. Aleksandropoulou and Lazaridis (2004) performed a spa-
tial distribution based on the annual national datamentioned above and
developed an emission inventory for Greece (5 × 5 km2) from anthro-
pogenic and natural sources. The spatial resolution was increased
based on the allocation of emissions from several sources, the land use
and population density data. Since an accurate and reliable emission in-
ventory was missing, Progiou and Ziomas (2012) presented a twenty-
year road traffic emission trend for Greece. In this work, annual emis-
sions of air pollutants from road transport in Greece were calculated
for the period 1990–2009without being further temporally and spatial-
ly analysed. They found that the age of the vehicles and the correspond-
ing engine technology are the critical parameters in determining the
amount of pollutants emitted from both passenger cars and heavy
duty vehicles demonstrating the importance of a renewal programme
of the old circulating vehicles in order to set an effective air pollution
abatement strategy.

The Attica region was chosen by many researchers for further study
since it is the most populated area in Greece, hosting 4.2 million habi-
tants, about 36% of the total Greek population (http://epp.eurostat.ec.
europa.eu/) (Fig. 1). The Athens basin is located near irregular coastline
at the centre of Attica and is surrounded bymoderately highmountains
from the west, north and east. The complex topography in combination
with the concentration of anthropogenic activities (road traffic, residen-
tial heating, industrial and shipping emissions) and localmeteorological
conditions have often led to the development of air pollution episodes
(Kassomenos et al., 2006; Bossioli et al., 2007; Hatzianastassiou et al.,
2007; Grivas et al., 2008; Kassomenos et al., 2012; Kalabokas et al.,
2012; Pateraki et al., 2013).

Recognising the need to understand the processes that lead to air
pollution episodes in order to manage the air quality effectively, re-
searchers performed early photochemical simulations above the Athens
basin (Pilinis et al., 1993). However, the traffic emissions used were
mere approximations and were not spatially and temporally analysed
thus leading to inaccuracies. In this respect several early efforts to con-
struct emission inventories for Athens were made by Economopoulos
(1997) who produced total values of smoke, sulfur dioxide (SO2), NOx,
CO, and volatile organic compound (VOC) based on approximate data
from space heating boilers and traffic for the centre and the periphery
of Athens. His research revealed a decrease inNOx emissions from inter-
nal combustion activities (vehicle emissions) from 22.571 tonnes in
1989 (total year-average) to 21.605 tonnes in 1992 (total year-
average). Ziomas et al. (1998) constructed an emission inventory for
selected dates in 1994 including only NOx, CO, and VOC for Athens
using aircraft and ground measurement data as a basis. Similarly,
Kourtidis et al. (1999) produced a traffic emission inventory for a select-
ed day in 1994, based on measurements from a typical street of Athens.
Both researchers provided insight on the emission control strategies re-
lated to VOC control and VOC speciation in order to reduce ozone (O3).

An emission inventory for Athens was implemented by Markakis
et al. (2010) on a 2 × 2 km2 spatial and 1-hour temporal resolution for
the year 2003. The share of the road transport emissions to the total
emissions was found to be significantly higher in Athens compared
with smaller cities. Passenger cars andmotorcycles were a considerable
contributor to CO and NMVOC emissions whereas heavier vehicles
(buses, coaches and HDVs) were responsible for the majority of NOx
emissions. With the use of emission data from the United Nations
Environment Programme (UNEP)/EMEP (50 × 50 km2 resolution),
Aleksandropoulou et al. (2011) developed an emission inventory for
the Greater Athens Area (2007 being the reference year, 1 × 1 km2)
indicating the importance of road transport to CO, NMVOC and NOx
emissions. Annual road traffic emissions for the Greater Athens Area
were also calculated by Progiou and Ziomas (2011) for the period
1990–2009 while the relationship with air pollutant concentrations
was also investigated. PCs were found to be the major contributors to
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Fig. 1. Greece (Grid 1 — left and marked with a black line) and Attica (Grid 2 — right and marked with a white square in Grid 1) with the land use categories attributed at each cell.

Fig. 2. Percentage (%) of passenger cars in use by fuel type consumption for European
countries on 2010 (ANFAC, 2012).
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CO, NMVOC andmethane (CH4) emissions while HDVs were associated
with PM10 and NOx emissions. However, the annual emissions were
neither spatially allocated in gridded form nor temporarily resolved in
hourly values.

Since road transport is a large contributor to urban air pollution,
while it accounts for approximately 25% of the CO2 emissions
responsible for climate change (EEA, 2013d), many countries have
encouraged a shift to diesel fuelled cars in an effort to reduce green-
house gas (GHG) emissions (Sullivan et al., 2004; Zachariadis, 2006;
Zervas et al., 2006; Zervas, 2006). On the contrary, diesel fuelled cars
are sources of NOx, fine particulates and CO and have been blamed
for maintaining high pollution levels in urban areas (Gonzalez and
Marrero, 2012). According to Weiss et al. (2012) the on-road NOx
emissions of diesel cars appear to exceed substantially applicable
emission standards and the introduction of the more stringent Euro
6 emission standards might not adequately reduce the on-road
NOx emissions of new diesel cars. However, as presented by the
European Automobile Manufacturer's Association (ACEA) (ACEA,
2013) most new cars in Europe have a diesel engine. According to
the ACEA the percentage of diesel passenger cars among new regis-
trations was 4.0% in 2010 for Greece which is very low compared
with other European countries for the same year — 70.8% in France,
41.9% in Germany, 70.6% in Spain, 75.9% in Belgium, 67.1% in
Portugal, 45.9% in Italy, 46.1% in UK, 50.7% in Austria, 45.7% in
Denmark and 41.5% in Finland. Moreover, as shown in Fig. 2 the per-
centage of diesel passenger cars in use in 2010 was much higher for
the European countries than for Greece (ANFAC, 2012). In this
respect, the Greek authorities cancelled the ban on movement from
passenger cars with diesel engines on the city centre of Athens and
Thessaloniki — the two larger cities of Greece. As a result the share
of diesel in new PC registrations increased to 40% in 2011 and 58%
in 2012.
As already mentioned above, emission inventories are used as input
data in photochemicalmodels and thus it is very important that they are
reliable and regularly updatedwith high spatial and temporal allocation
data, covering a year-to-year variation (Hanna et al., 2001; Poupkou
et al., 2008; Taghavi et al., 2005; Coelho et al., 2014). In order to address
these requirements the most accurate and updated data must be used
concerning vehicle fleet (vehicle types, engine technology and engine
capacity), fuel consumption and average speeds under different road
types. The emissionmodels used for the estimation of road traffic emis-
sions have become comprehensive enough with time in order to take
into account the technological developments and the shift of research
activities to certain pollutants (Kousoulidou et al., 2013). Moreover, it
is very important for the emission inventory to be evaluated in order
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Table 2
Input data used in the inventory and the sources that provided these data.

Input data Source

Vehicle fleet composition per vehicle type,
cylinder capacity and fuel type

Greek Ministry of Transport for the
year 2006

New vehicle registrations European Automobile Manufacturers
(ACEA)
Association of Motor Vehicle
Importers Representatives (AMVIR)
National Statistical Service of Greece
International Council on Clean Trans-
portation (ICCT, 2011)

Minimum and maximum monthly mean
temperature profiles

Hellenic National Meteorological
Service

Annual fuel consumption Ministry of the Environment, Energy
and Climate Change

Road network OpenStreetMap contributors
Traffic counts Hellenic Institute of Transport (H.I.T.)

Attica Traffic Management Centre
Population data Eurostat (GEOSTAT population grid)
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to ensure that it properly represents real conditions (Winiwarter et al.,
2003). Especially the road traffic contribution must be correctly
assessed to a comprehensive emission inventory and this can be
possible with the continuous validation of the road traffic emission
models (Smit et al., 2010; Noland and Quddus, 2006; Zachariadis and
Samaras, 1997). Within that frame, the purpose of the present work is
to a) construct an emission inventory in order to examine the road
traffic emission trend in Greece and the Attica for the period
2006–2010 on a spatial scale of 6 × 6 km2 and 2 × 2 km2 respectively
and on a temporal scale of 1 h, b) estimate the possible benefits of
increased diesel penetration where part of gasoline passenger cars are
replaced bydiesel ones in theAttica and c) perform a sensitivity analysis
of the effects on emissions from changes in various parameters such as
engine type, vehicle velocity, mean trip length, and vehicle fleet.

2. Methodology

The road transport sector emissions were calculated using the top-
down approach based on the EMEP/CORINAIR methodology (EEA,
2013b). Within that frame COPERT IV was applied for the estimation
of annual emissions at a national level (Greece) and for Attica covering
the period 2006–2010. COPERT is user-friendly software (Gkatzoflias
et al., 2012; Katsis et al., 2012) and it is officially proposed from the
United Nations Framework Convention on Climate Change (UNFCCC)
(IPCC, 2006). The methodology allows the estimation of emissions
from five main vehicle classes: passenger cars (PCs), light commercial
vehicles (LCVs), heavy duty vehicles, buses and motorcycles. These are
then distinguished according to the fuel type used (gasoline, diesel,
liquid petroleum gas, compressed natural gas), the EU Directives to
which they conform in terms of emissions (PRE ECE, ECE 15/00-01,
Euro 1, Euro 2, etc.) and the engine capacity (e.g. b1.4lt, 1.4–2.0lt, and
N2.0lt for passenger cars, b3.5 t or N3.5 t for commercial vehicles).

2.1. Model description

Generally total emissions are calculated by means of the following
equation, for each vehicle category (EEA, 2013c):

Etotal ¼ Ehot þ Ecold ð1Þ

where Etotal is the annual total emissions (g) of any pollutant for Greece
and Attica, Ehot is the emissions (g) during stabilised (hot) engine
operation and Ecold is the emissions (g) during transient thermal engine
operation (cold start).

Since engine operation determines vehicle emissions a distinction
was made between urban, rural and highway driving conditions (e.g.
for gasoline PCs the share was considered to be 44%, 42% and 14% for
urban, rural and highway driving conditions respectively). Moreover,
different speed values were attributed to vehicle categories for each
driving condition (e.g. for PCs 19 km/h, 60 km/h and 90 km/h corre-
spond to the urban, rural and highway driving conditions). The neces-
sary activity data (share of driving condition and mean travelling
speeds in different driving conditions) as well as the information need-
ed for vehicle technology splitting were collected by Ntziachristos et al.
(2008) and are provided by Emisia SA for Greece (www.emisia.com).

Road traffic emissions depend on: 1) the distance traveled (km);
2) the fuel used (e.g. diesel, gasoline); 3) the velocity (km/h) or road
type; 4) the engine capacity and 5) the emission standards (e.g. Euro
4). Therefore, the formula to be applied for the calculation of hot
emissions of pollutants yields:

Ehot; i; k; r ¼ Nk �Mk;r � ehot; i; k; r ð2Þ

where Ehot; i, k, r is the annual hot exhaust emissions of the pollutant i
(g), produced by vehicles of technology k driven on roads of type r, Nk

is the number of vehicles (veh) of technology k in operation in the
period concerned, Mk,r is the mileage per vehicle (km/veh) driven on
roads of type r by vehicles of technology k and ehot; i, k, r is the emission
factor in (g/km) for pollutant i, relevant for the vehicle technology k, op-
erated on roads of type r.

Cold-start emissions are attributed mainly to urban driving (and
secondarily to rural driving), as it is expected that a limited number of
trips start at highway conditions. Cold-start emissions are introduced
into the calculation as additional emissions per km using the following
formula:

Ecold; i; k ¼ βi; k � Nk �Mk � ehot; i; k � ecold=ehotji;k−1
� �

; ð3Þ

where Ecold; i, k is the cold-start emissions of pollutant i (for the refer-
ence year), produced by vehicle technology k,βi, k is the fraction ofmile-
age driven with a cold engine or the catalyst operated below the light-
off temperature for pollutant i and vehicle technology k, Nk is the num-
ber of vehicles (veh) of technology k in circulation, Mk is the total mile-
age per vehicle (km/veh) in vehicle technology k and ecold/ehot|i,k is the
cold/hot emission quotient for pollutant i and vehicles of k technology.
The β-parameter depends upon ambient temperature ta (for practical
reasons the averagemonthly temperature can be used), and the pattern
of vehicle use — in particular the average trip length ltrip. A value of
12.4 km has been established for the ltrip value.

2.2. Description of input data and model output

Table 2 presents the input data required for the COPERT run.
Detailed fleet composition data were provided by the Greek Minis-
try of Transport for the year 2006 for Greece. In order to construct
the annual fleet for the period 2007–2010 for Greece new vehicle
registrations were obtained from ACEA, the Association of Motor
Vehicle Importers Representatives (AMVIR), the National Statisti-
cal Service of Greece and the International Council on Clean Trans-
portation (ICCT, 2011). Regarding the development of the vehicle
fleet for Attica for the whole period (2006–2010) statistical data
from the Eurostat Database were used. The yearly fleet composi-
tion at national level is reported in Table 3 and for Attica in
Table 4, while the passenger cars' speciation per fuel type for
both Greece and Attica is presented in Fig. 3. The Hellenic National
Meteorological Service provided the necessary minimum and
maximum monthly temperature profiles for the calculation of the
monthly mean temperature values required by COPERT (Table 5).
The annual total fuel consumption for each fuel type wasprovided
by the Greek Ministry of the Environment (Fig. 4). The annual mile-
age was calculated based on methodology proposed by Symeonidis
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Table 3
Temporal variation of the vehicle fleet composition in Greece.

Vehicle category 2006 2007 2008 2009 2010 2010 % contribution

PCs 4,613,207 4,801,453 5,019,133 5,134,955 5,221,868 64.74
LCVs 991,234 1,016,906 1,040,892 1,046,397 1,056,963 13.10
HDVs 228,555 238,939 248,466 255,866 261,170 3.24
Buses 26,938 27,102 27,186 27,324 27,311 0.34
Motorcycles 1,179,719 1,295,217 1,388,607 1,448,851 1,499,133 18.58
Total 7,039,653 7,379,617 7,724,284 7,913,393 8,066,445 100.00
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et al. (2003). According to this study old vehicles travel fewer
kilometres.

The emission estimation methodology covers exhaust emissions of
CO, NOx, NMVOC, CH4, CO2, N2O, NH3, SOx, exhaust PM, PAHs and
POPs, dioxins and furans, and heavy metals contained in the fuel (lead,
arsenic, cadmium, copper, chromium, mercury, nickel, selenium and
zinc). NOx emissions are further split into NO and NO2. PM is also divid-
ed into elemental carbon and organic carbon as a function of vehicle
technology. A detailed speciation of NMVOCs is also provided, and this
covers homologous series such as alkanes, alkenes, alkynes, aldehydes,
ketones and aromatic compounds. PM mass emissions in vehicle
exhaustmainly fall in the PM2.5 size range. Therefore, all PMmass emis-
sion factors are assumed to correspond to PM2.5.

2.3. Spatial and temporal allocation of annual emissions

The annual emissions calculated by COPERT IV for each driving con-
dition (urban, rural, highways) were spatially allocated on a 6 km reso-
lution grid over Greece (Grid 1) and a 2 km resolution grid over Attica
(Grid 2) with the use of a Geographic Information System (GIS). The
above grids were constructed in Lambert Conformal Conic coordinate
system. Fig. 1 presents Grids 1 and 2 as well as the land use categories
attributed to each cell (Fameli et al., 2013).

According to the EMEP/EEA Air Pollutant Emission Inventory Guide-
book (EEA, 2013b) the aggregated emission inventory can be spatially
resolved with the use of surrogate datasets. The annual emissions
were allocated to the Greek road network based on the three driving
conditions (urban, rural, highways) used by COPERT. For this purpose
digital road maps were used (OpenStreetMap data, 2012) and road
types were classified into 3 categories: a) urban roads, b) primary and
secondary roads and c) highways. Therefore, urban emissions were
distributed to urban areas only based on population data provided by
the GEOSTAT population grid (Eurostat, 2012) and according to the
equation:

Ei;x ¼ Ei
pop;x
pop;tot

ð4Þ

where Ei,x is the emission of pollutant i in the cell x, Ei is the annual total
emission of pollutant i, pop,x is the population in the cell x, and pop,tot is
the total population for the reference grid (Greece or Attica).

Concerning rural emissions they were spread across the grid at pri-
mary and secondary roads according to the total length of the road
per grid cell. Highway emissions were allocated to highways only
based on mean daily traffic flow data provided by the Hellenic Institute
of Transport (H.I.T.) covering the national highways.
Table 4
Temporal variation of the vehicle fleet composition in Attica.

Vehicle category 2006 2007 2008

PCs 2,393,379 2,526,432 2,643,889
LCVs 212,581 218,087 221,501
HDVs 49,016 51,243 52,872
Buses 12,970 12,584 13,088
Motorcycles 593,354 586,287 621,822
Total 3,261,300 3,394,633 3,553,172
The next step included the temporal disaggregation of the gridded
annual emissions to monthly, weekly and diurnal values based on the
equation:

Eh;i;x ¼ Ei;x �Mi � Di � Hi; ð5Þ

where Eh,i is the hourly emissions of pollutant i in the cell x, Ei,x is the
annual emissions of pollutant i in the cell x and M, D and H are the
monthly, daily and hourly disintegration coefficients, respectively. For
the development of temporal coefficients for Grid 2 hourly traffic counts
were provided by the Attica Traffic Management Center for the period
2006–2010 covering the main road network of the GAA at both direc-
tions. As a consequence the yearly, monthly, daily and hourly profiles
were created highlighting the special characteristics of the GAA traffic.

2.4. Impacts of input parameters on Attica emissions

In order to estimate the effects of different input parameters on
emissions calculated by COPERT for the Attica region seven scenarios
were constructed concerning the fleet of PCs andHDVs, the driving con-
dition share, the velocity, the length of the trip and the maximum and
minimum monthly temperatures (Table 6). The influence of vehicles
with Euro latest standards was also verified. The reference year for the
scenario processwas 2010 so changesweremade only for that year's in-
puts resulting in different sub-scenarios named as 2010_1, 2010_2, etc.
More specifically, the seven scenarios with their sub-scenarios were:

❖ Scenario A — dieselisation. In order to estimate the possible benefits
due to the increased diesel penetration on PCs, three sub-scenarios
were constructed where part of gasoline passenger cars was
replaced by diesel ones. The PC fleet changed following the trends
in gas/diesel PC ratio of different European countries as presented
by the ANFAC (2012) (Fig. 2). Since only Euro 5 diesel PCs are
allowed to enter the Athens city centre the replacement regards
only this type of engine technology for diesel PC (Fig. 5). Concerning
the engine capacity the category 1.4–2.0lt was selected since it
represents the average engine capacity among new PC registrations
in Greece (ACEA, http://www.acea.be/statistics). The other vehicles
(LCVs, HDVs, buses, motorcycles) remained unchanged. The three
sub-scenarios were:
➢ 2010_1: 20% of total passenger cars were considered to be diesel

Euro 5 vehicles with engine capacity 1.4–2.0lt.
➢ 2010_2: 30% of total passenger cars were considered to be diesel

Euro 5 vehicles with engine capacity 1.4–2.0lt.
➢ 2010_3: 60% of total passenger cars were considered to be diesel

Euro 5 vehicles with engine capacity 1.4–2.0lt.
2009 2010 2010 % contribution

2,712,217 2,753,705 74.09
225,301 224,886 6.05
55,093 55,565 1.49
12,688 12,681 0.34

647,933 670,060 18.03
3,653,232 3,716,897 100.00

http://www.acea.be/statistics


Fig. 3. Passenger car speciation according to fuel use for Greece (left) and Attica (right) (G = gasoline, D = diesel).
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❖ Scenario B — HDV fleet. The HDV fleet effect on emissions was
estimated by increasing and decreasing the number of HDVS as
following:
➢ 2010_1, 2010_4: the HDV fleet increased/decreased by 5%.
➢ 2010_2, 2010_5: the HDV fleet increased/decreased by 10%.
➢ 2010_3, 2010_6: the HDV fleet increased/decreased by 20%.

❖ Scenario C — Driving condition share. Since the urban road network
prevails among the rural roads and highways in the Attica region
the driving condition share for PCs and motorcycles changed and
three sub-scenarios were constructed favouring the urban driving
condition share as shown in Table 6

❖ Scenario D — Velocity. The mean travelling velocity of each driving
condition increased for different vehicle categories as shown in
Table 6. The speed limits for Greece were used in sub-scenario
2010_3. Hourly velocity values were provided from the Attica Traffic
Management Center for the development of the mean urban
(32.98 km/h), rural (66.97 km/h) and urban (79.78 km/h) veloci-
ties for sub-scenario: 2010_4.

❖ Scenario E — mean trip length. The European value proposed by
Emisia SA (www.emisia.com) for the average distance travelled by
a trip of passenger cars is 12.4 km (Ntziachristos and Samaras,
2010). Six sub-scenarios were developed by increasing/decreasing
the trip length on a 2 km step (Table 6).

❖ Scenario F — Temperature. The average monthly minimum and
maximum temperatures changed by 5%, 10% and 20% in order to an-
alyse the sensitivity of calculations with respect to the temperature.
Table 5
Monthly mean temperature values used in COPERT.

Month Mean minimum
temperature (°C)

Mean maximum
temperature (°C)

January 3.89 9.81
February 5.68 12.54
March 7.79 15.39
April 11.21 19.47
May 14.10 24.65
June 18.52 28.37
July 20.79 29.17
August 21.89 32.28
September 17.92 26.47
October 14.84 21.45
November 8.51 16.31
December 6.55 13.13
❖ Scenario G — Euro standards. The influence of the latest Euro
standards on emissions was examined with the development of
two sub-scenarios.
➢ 2010_1: Pre-Euro PCs were reduced by 20% and the number of

vehicles was added to Euro 5 PCs.
➢ 2010_2: 2010_1 plus Euro 1 and Euro 2 PCswere reduced by 20%

and the number of vehicles was added to Euro 5 PCs.
➢ 2010_3: 2010_2 plus Euro 3 PCs were reduced by 20% and the

number of vehicles was added to Euro 5 PCs.

3. Results and discussion

3.1. Annual total emissions for Greece and Attica

The annual total emission variation for the period 2006–2010 is
presented in Fig. 6 for Greece and Attica. The decrease in gasoline con-
sumption in 2008 and 2010 and the subsequent reduction of annual
mileage driven affected the CO, VOC and NMVOC emissions. The per-
centage decrease for Greece from 2006 to 2008 was 9.5% for CO, 7.3%
for VOC and 7.7% for NMVOC while for the period 2006–2010 the
decrease was 32.8%, 24.0% and 24.3%, respectively. Moreover, the
import of new anti-pollution technology engines (Euro 4 became effec-
tive in 2005 and Euro 5 in 2009) affected the CO, VOC andNMVOCemis-
sions since the penetration of vehicles with Euro latest standards
continuously increased among total fleet. The CO2 emissions were
Fig. 4. Fuel consumption in Greece from the road transport sector as used in COPERT input
data (LPG = liquid petroleum gas, CNG = compressed natural gas).

http://www.emisia.com
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Table 6
Scenarios for the estimation of the effects of different input COPERT parameters on Attica emissions.

Scenario Factor 2010 2010_1 2010_2 2010_3 2010_4 2010_5 2010_6

A PC fleet 20% 30% 60%
B HDV fleet −5% −10% −20% 5% 10% 20%
C Driving condition share PCa — U 42 U:50 U:60 U:70

R 44 R:40 R:30 R:20
H 14 H:10 H:10 H:10
Motorcyclesa — U 65 U:70 U:80 U:80
R 20 R:15 R:10 R:10
H 15 H:10 H:10 H:10

D Velocity (km/h) PCa — U 19 30 40 50 32.98
R 60 70 80 90 66.97
H 90 100 100 110 79.78
Motorcyclesa — U 30 30 40 50 32.98
R 60 70 80 90 66.97
H 70 100 100 110 79.78
HDVs 30 30 40 50 32.98

70 80 80 66.97
90 90 90 79.78

E ltrip (km) 12.4 6.4 8.4 10.4 14.4 16.4 18.4
F Temp −5% −10% −20% 5% 10% 20%
G Euro standards Pre-Euro

−20%
2010_1 & Euro 1+ 2
−20%

2010_2 &Euro 3
−20%

a U = urban, R = rural and H = highways.
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related to the annual fuel consumption (Fig. 4) presenting an increase
for the first 2 years (2006–2007) while inform 2009 to 2010 a decrease
of 6.5% was observed for Greece coupled with an 8.9% reduction in gas-
oline consumption and 10.5% in diesel consumption. However, the NOx
and PM values remained rather stable presenting only a slight decrease
in the period 2008–2010 in Greece and Attica, 4% and 7% for NOx; and
3% and 4% for particulates, respectively due to the increase in diesel
vehicle fleet.

Comparing the national with the Attica emission results it is revealed
that about 40% of CO2, CO, VOC and NMVOC and 30% of NOx and PM are
emitted in Attica. This difference is due to the fact that half of the national
PC fleet (52.8% in 2010) is located in Attica corresponding to 74% of the
local fleet (Tables 3 and 4). The type of fuel used by this group is mainly
gasoline, enriching in this way CO, VOC and NMVOC emissions (Ban-
Weiss et al., 2008) while diesel vehicles contribute mostly to NOx and
PM. In Greece most PCs, motorcycles as well as part of LCVs use gasoline
fuel while HDVs, buses, taxis and the rest of LCVs use diesel fuel.

Concerning the emission distribution according to the driving condi-
tion in Attica, urban emissions prevail among rural and highways for all
pollutants, as expected since the kilometres driven on urban roadswere
Fig. 5. Passenger car penetration fleet in Attica for the dieselisation process (G= gasoline,
D = diesel).
favoured among rural roads and highways especially for PC. Urban
emissions correspond to low driving speed conditions (19 km/h) at
which engines consume more fuel. On the other hand, PM10 and NOx

present an increased share in rural and highway categories (Fig. 7).
The doubling of PM and NOx percentage in rural and highways stands
for the travelling of HDVs and part of LCVs. However, according to
Vanhulsel et al. (2014) in Belgium in 2010 the 37% of the kilometres is
travelled on highways, 41% on rural roads and 22% on urban roads.
The urban share of mileage (in %) driven by the various vehicle catego-
ries as used in TRENDS is presented by Mellios et al. (2006) for various
countries indicating the special national characteristics in driving
share. For example the urban share for PC in UK is 46% while in
Portugal is 24%.

Table 7 shows the emissions per vehicle type for the year 2010 for
Attica. It is obvious that PCs contribute mostly to the total road traffic
emissions of CO, VOC, NMVOC and CO2. Approximately 25% of CO emis-
sions come from gasoline PCs with engine capacity 1.4–2.0lt since this
group is the most populated among PCs (Fig. 3 right). As for the engine
technology, Euro 3 PC — gasoline is considered as major polluters with
11.6% for 0.8–1.4lt and 13% for 1.4–2.0lt engine capacity of CO emissions
(not shown here). Diesel PCs are responsible only for 0.1% of total CO
emissions (not shown here). Motorcycles also play a significant role to
CO, VOC and NMVOC emissions (25%, 26.07% and 25.52% respectively)
since they are more economic and efficient and consequently very
popular to use in urban Athens traffic conditions. The vehicle category
that dominates in NOx, PM2.5 and PM10 emissions is HDVs with
51.27%, 43.97% and 38.13% respectively for 2010 (Table 7), which is
attributed to the diesel engines. The second larger contributor to this
group of pollutants comes from PCs, namely 21.3% for NOx, 27.31% for
PM2.5 and 35.5% for PM10. Motorcycles have a small contribution to
NOx (2.83%), PM2.5 (7.88%) and PM10 (7.31%) emissions. LCVs use
both gasoline and diesel fuel and as a consequence the emission per-
centages do not vary among pollutants, the percentage of CO is the
highest, 13.39%. Buses contribute to NOx by 15.33% and particle emis-
sions (8.29% — PM2.5, 7.39% — PM10).

3.2. Ozone precursors in Attica

High ozone concentrations have been recorded by researchers as
well as the national network for monitoring atmospheric pollution.
Hence study of the ozone precursors, VOC and NOx is of the outmost
importance in order to control the occurrence of high levels (Ziomas
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Fig. 6. Annual total emissions for Greece and Attica for the period 2006–2010.
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et al., 1998). As shown in Fig. 8, NOx emissions outweigh the VOC emis-
sions for both Greece and Attica. The ratio VOC/NOx is higher for Attica
since the diesel vehicle proportion of total fleet is lower for this area
Fig. 7.NOx, CO, PM10 and VOC emissions share for each of the three driving conditions for
Attica for the year 2010.
(Tables 3 and 4). Generally, a decrease in the VOC/NOx ratio was
observed from 2006 to 2010 due to the reduction of VOC emissions
(Fig. 4 bottom-right). According to Ziomas et al. (1998), VOC reductions
have greater effects on ozone formation within the Greater Athens Area
meaning that the reduction of the ratio VOC/NOx will lead to lower O3

values.
Concerning the NMVOC speciation for Attica, alkanes prevailed

among other species (8.834 tn for 2010) with aromatic HC coming
next (6.415 tn for 2010) and alkenes following (2568 tn for 2010)
(Fig. 9 left). According to Atkinson (2000) alkanes neither photolyze
nor react with O3. It is their reaction with OH that leads to the produc-
tion of NO2. Only cycloalkanes can lead to PM formation (0.63% of
total NMVOC). 3-Methylpentane, isopentane, 2-methylpentane, butane
and pentane are the prevailing alkanes (Fig. 9 right). Aromatic HCs play
a dominant role to the formation of particles in urban areas (Atkinson,
2000; Odum et al., 1997) — toluene, m-p-xylene and benzene are
between the top 10 NMVOC species (Fig. 9 right). Their impact on O3

production is also very important as their contribution leads to a signif-
icant increase in O3 concentrations in Athens (Bossioli et al., 2002).
Alkenes and aldehydes, despite their lower contribution to total
NMVOC emissions (2568 tn–732 tn respectively), are very reactive
and lead to the conversion of NO to NO2 and consequently to O3

image of Fig.�6
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Table 7
Emissions in tonnes per vehicle type for the year 2010 for Attica and the percentages of each vehicle category to the total emission value for each pollutant and CO2.

Pollutant/vehicle type PC LCV HDV Buses Motorcycles Total

CO 54,332.16 12,866.77 3633.86 953.25 24,322.06 96,108.09
56.53% 13.39% 3.78% 0.99% 25.31% 100.00%

NOx 5915.48 2574.51 14,240.23 4257.08 785.15 27,772.46
21.30% 9.27% 51.27% 15.33% 2.83% 100.00%

VOC 11,909.47 1841.21 1147.85 245.97 5339.27 20,483.77
58.14% 8.99% 5.60% 1.20% 26.07% 100.00%

NMVOC 11,253.54 1785.78 1045.90 179.30 4887.01 19,151.54
58.76% 9.32% 5.46% 0.94% 25.52% 100.00%

PM2.5 306.36 140.89 493.25 92.97 88.38 1121.86
27.31% 12.56% 43.97% 8.29% 7.88% 100.00%

PM10 512.15 168.60 550.11 106.59 105.41 1442.86
35.50% 11.69% 38.13% 7.39% 7.31% 100.00%

CO2 5,616,634.38 687,888.78 1,401,236.55 455,946.42 329,631.56 8,491,337.68
66.15% 8.10% 16.50% 5.37% 3.88% 100.00%
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formation (Pusede and Cohen, 2012). Especially the presence of ethyl-
ene and formaldehyde is very important in urban areas (Jenkin and
Clemitshaw, 2000). Their share to NMVOC is 8% (Fig. 9 right) and
1.63% respectively (not shown here).
3.3. Spatial and temporal allocation

The spatial allocation of CO emissions on Greece's national highways
for 2010 (Fig. 10 right) revealed that peakswere located close to Athens
and at motorways that connect the two larger cities (Athens and
Thessaloniki). In the case of urban emissions, cells representing high
population densities (large cities of Greece)were associatedwith higher
values of CO (Fig. 10 left). The spatial allocation of total CO, NOx, PM2.5

and VOC emissions in Attica (Fig. 11) showed that high values are
concentrated over the urban area of Athens with cells of high NOx and
PM2.5 emissions located at the local highways.

Monthly, weekly and hourly traffic flow profiles are shown in Fig. 12
for Attica for the year 2010. Higher traffic flows are found during May,
June, July and September while the lowest values are reported in August
due to summer vacations (Fig. 12 top left). Concerning weekly profiles
(Fig. 12 top right) there is an obvious difference between weekdays and
weekends following the working schedule. Higher values are observed
on Friday compared to the other weekdays probably because it is the
last day of theweek. In Fig. 12 bottom, hourly traffic profiles were chosen
for Sunday and Friday (being themost populated day) for the winter and
summermonths. Profiles for bothmonths on Friday are highly correlated
with the working hours having a morning peak at 8.00 LST and a second
one from 16.00 to 19.00 LST since the working hours vary. The temporal
distribution of traffic data is quite different on Sundaywhenhigher values
appear at 14.00 LST as well as in the afternoon.
Fig. 8. VOC/NOx ratio for Greece and Attica.
According to Funk et al. (2001) andMellios et al. (2006), amethod to
validate road traffic urban emission inventories is to perform a compar-
ison between emission estimates and ambient air quality data by using
CO/NOx ratio. This emission inventory evaluation method is based on
the premise that in urban areas, ambient primary pollutant concentra-
tions are influenced by fresh emissions in the vicinity of the ambient
monitor. However, precursor transport, carryover effects, and chemical
reactions can also influence ambient concentrations. The influence of
these effects on the comparison is minimised but not eliminated by
selecting monitoring sites located in areas with high emission rates
and by examining data collected whenwind speeds and photochemical
reaction rates are low. In order to minimise the impact from the above
parameters early morning periods should be selected. This is due to
the fact that, during the early morning hours, emissions are high while
wind speed, atmospheric mixing height, temperature, and chemical
reactivity are low (Funk et al., 2001). Parrish et al. (2002) also showed
that ambient measurements at carefully selected urban sites accurately
reflect the absolute values and temporal trends of the CO/NOx ratio on
road vehicle emissions.

In this frame, the CO andNOxhourly emissionswere comparedwith
hourly measurements from the urban traffic station Patision, of the air
quality monitoring network of the Ministry of Environment, Energy
and Climate Change, which overlooks the busy Patision road so it is
highly correlated with road emissions in agreement with Kourtidis
et al. (1999). The diurnal correlation between theCOandNOxemissions
and themeasured concentrationswere evaluated for the year 2010 cov-
ering the morning period 6.00–10.00 LST for winter (February) and
summer (June) (Fig. 13). Hourly mean values of Friday for each of the
above months were used since during this day the highest traffic
flows were attributed. Statistical parameters (bias, correlation coeffi-
cient and Root Mean Square Error) were calculated for the monthly
and hourly E.I. values and measurements and are presented in Table 8.
Results revealed a satisfactory correlation (Table 8) for CO. Both emis-
sions and concentrations had the samemorning peak at 9.00 LST in Feb-
ruary and at 8.00 LST in June. Differences in values appeared for NOx in
February as the concentrations reached the highest value at 7.00 LST
and then decreased contrary to the emission morning variation that
reached the highest value at 9.00 LST. The correlation between NOx
emissions and measurements for both February and June was very
poor. The ratios of CO/NOx for each month are also presented in
Fig. 13. In February the emission inventory ratios appeared greater
than the measurement ratio for the period 6.00–8.00 LST (five times
greater at 7.00 LST) due to the high CO emissions that were attributed
in the morning. There was a good agreement though from 8.00 LST to
10.00 LST. However in June, although there was a good agreement in
ratios in the early morning after 9.00 LST the emission inventory ratio
was almost half of the measurement ratio. According to Funk et al.
(2001), 25% agreement would be considered acceptable for this type
of analysis.
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Fig. 9. NMVOC speciation for the total Attica NMVOC emissions (left) and the ten NMVOC species with the highest values (right).
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3.4. Scenario results

The results from the scenario A–G estimates are presented in Fig. 14
for the pollutants CO, NOx, VOC, PM2.5, and PM10 and the greenhouse
gas CO2. The emissions for 2010 are also presented as reference for
comparison.

❖ Scenario A. Regarding sub-scenario 2010_1, lower CO (2330.4 tn–
2.4%), VOC (822 tn–4.0%) and CO2 (216157.2 tn–2.5%) emissions
were estimated compared with the initial 2010 ones. On the
contrary NOx, PM2.5 and PM10 values increased — 4075.2 tn
(14.7%), 12.0 tn (1.1%) and 10.1 tn (0.7%) respectively. The
influence of replacing 773.551 gasoline PCs with diesel ones
(sub-scenario 2010_2) was not much different from sub-
scenario 2010_1 — CO, VOC and CO2 values decreased at about
4.3%, 6.7% and 2.6% respectively while NOx, PM2.5 and PM10

values were higher from 2010 at about 23.5%, 0.35% and 0.17%.
However, when the ratio of gasoline/diesel PC was 0.7 (sub-sce-
nario 2010_3) the differences in emission profiles between 2010
and 2010_3 were more pronounced. The sharp decrease in CO
emissions (24661.4 tn–25.7%) revealed the impact of gasoline
fuel on PC emissions. The impact on VOC values— 28.9% decrease
was similar. On the other hand, NOx emissions increased for sub-
scenario 2010_3 from the year 2010 by 44.7% as well as particles,
3.5% for PM2.5 and 5.4% PM10.
Fig. 10. CO national urban (left) and highway (right
❖ Scenario B. Changes in HDV fleet had minor impact on CO (0.76%
difference for 20% change in fleet), VOC (maximum difference
1.1% for sub-scenarios 2010_3 and 2010_6) and CO2 emissions
(maximum difference 3.3%). However, NOx emissions were
affected by 2.6%, 2.1% and 10.3% when the change in HDV fleet
was 5%, 10% and 20% respectively. Concerning particles, the
maximum percentage difference in PM2.5 emissions was 8.8%
while in PM10 it was 7.6%.

❖ Scenario C. Generally, emissions increased when rural and high-
way driving reduced in favour of urban driving. The increase in
the share of annual mileage driven in urban conditions for PCs
and motorcycles led to CO and CO2 increase from 0.73% to 1.9%
at sub-scenario 2010_1 to 8.6% and 8.7% at sub-scenario 2010_3
respectively while NOx and particles slightly increased at sub-
scenario 2010_3 (1% NOx, 2.6% PM2.5 and 3.74% PM10). According
to Vanhulsel et al. (2014) the effect of shift of vehicle kilometres
between rural and urban negatively affected emissions when
urban driving prevailed due to the different velocities that the
kilometres are driven.

❖ Scenario D. Generally, the increase in mean velocity values for each
driving condition affected the emissions positively, as expected,
since engines consume less fuel at higher velocities. CO emissions
were lower by 38.39% at sub-scenario 2010_3 when the greatest
velocity values were used while the reduction in VOC, PM10 and
CO2 emissions was 29.28%, 20.54% and 18.55% respectively.
) emissions in gridded form for the year 2010.
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Fig. 11. Gridded CO, NOx, PM2.5 and VOC emissions for Attica for the year 2010.
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Results from sub-scenario 2010_4 11.8% (11356.2 tn) decrease of CO
emissions, 14.2% (2169.0 tn) decrease of NOx, 18.5% (1156701.0 tn)
decrease of CO2 and 20.5% (125.3 tn) decrease of PM10.

❖ Scenario E. The effect on emissions from the decrease of the trip
length by 6.4 km amounted to an increase of 14.6% for CO,
13.3% for VOC, 3.0% for CO2, 1.3% for NOx, 0.7% for PM2.5 and
0.6% for PM10. On the contrary, the increase of trip length led to
respective percentage decreases on emissions.

❖ Scenario F. The average temperature is required by COPERT
as input for evaporation and cold-start calculations. As shown
in Fig. 14 the temperature changes slightly influenced NOx,
particles and CO2 emissions indicating that they are not related
to the above processes. However, a 20% decrease in temperaure
resulted in an 11.6% increase of COwhile the 20% increase in tem-
perature affected VOC emissions that increased by 21.7%.

❖ Scenario G. The replacement of 20% Pre-Euro PCs by Euro 5 PCs
led to the reduction of CO, VOC and NOx 2010 emissions by
2650 tn (2.76%), 577 tn (2.81%) and 323 tn (1.16%), respectively.
However, particles and CO2 slightly increased. In sub-scenario
2010_2 the decrease in CO, VOC and NOx, was 5.69%, 5.91% and
2.20%, respectively compared with 2010 while CO2 and particle
emissions increased (3.84% for CO2, 1.01% for PM2.5 and 1.54%
for PM10). The consideration that 20% of Pre-Euro, Euro 1, 2 and
3 PCs were withdrawn and vehicles having newer engine tech-
nology (Euro5) came into the market, had greater positive
impacts on CO, VOC, NOx and particle emissions (sub-scenario
2010_3). Comparing results with 2010 emissions, CO decreased
by 10.15% (9787 tn), NOx by 3.48% (966 tn), VOC by 8.25%
(1690 tn) and PM10 0.91% (13 tn) while only CO2 increased by
1.28% (108,592 tn). The changes in CO2 emissions are related
to fuel consumption. Generally, it was considered that more
kilometres are travelled by newer vehicles for all the runs with
COPERT (the period 2006–2010 and the scenarios). While chang-
ing the engine technology, the kilometres driven by each vehicle
category remained stable. As a consequence, in sub-scenarios
Euro 5 PCs were attributed to more annual mileage causing the
increase in CO2 emissions. Concerning particles, engine technol-
ogy positively affected their emissions only in sub-scenario
2010_3 due to the reduction of Euro 3 PCs.

3.5. Comparison with other emission inventories

Apart from collecting the most reliable and updated data for the
development of a national and regional emission inventory it is very
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Fig. 12. Traffic flow data for the Attica region— mean monthly, daily and hourly values for the year 2010.

781K.M. Fameli, V.D. Assimakopoulos / Science of the Total Environment 505 (2015) 770–786
important to compare the results with other emission inventories. In
this frame road transport emissions for Greece and Attica from different
studies are conveniently presented in Table 9. These data include
national emissions for the road transport sector from the online
WebDab — EMEP database (http://www.ceip.at/webdab-emission-
database/emissions-as-used-in-emep-models) covering the same
Fig. 13. Hourly mean CO values from the emission inventory (E.I.) and the ambient c
period with this study (2006–2010) and road emissions calculated by
other researchers. Comparing national emissions from this study with
the EMEP values one may observe that EMEP values surpass the values
of this study for thewhole examined period for CO andNOx,while there
is a good agreement in NMVOC emissions. However, when the ratios of
CO/NOx are calculated for both datasets it is found that the results are in
oncentrations (Patision station) for February and June (values for Friday only).

http://www.ceip.at/webdab-emission-database/emissions-as-used-in-emep-models
http://www.ceip.at/webdab-emission-database/emissions-as-used-in-emep-models
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Table 8
Statistical parameters from the comparison of Attica emissions with measurements for a
typical weekday (Friday).

CO NOx

February June February June

R2 0.765 0.758 0.009 0.018
r 0.875 0.871 0.095 0.134
Bias 13.409 15.543 1.995 2.999
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excellent agreement (3.37 for this study, 3.43 for the EMEP database in
2006, 2.65 for this study and 2.75 for the EMEP database in 2010). Large
discrepancies exist betweenMarkakis et al. (2010) results and the EMEP
database for national emissions in 2003 (Table 9). National emissions
calculated by Progiou and Ziomas (2012) are higher by 100.845 ktn
for CO, 33.263 ktn for NOx and 7.251 ktn for NMVOC from this study.
Concerning the emissions for the Attica region they seem to be compa-
rable to this study for CO (except forMarkakis et al., 2010 but emissions
are calculated for 2003)while for NOx andNMVOC the difference is 22%
and 51% respectively between Aleksandropoulou et al. (2011) and this
study.

4. Concluding remarks

Urban areas continue to face serious air quality problems because of
the often high pollutant concentrations which exceed the limits set by
the EU. This poses a serious threat to human health and efforts are con-
tinuously being made to understand the sources and mechanisms in
order to manage air quality effectively. Since road traffic is responsible
for themajority of air pollutant emissions, a comprehensive and flexible
emission inventory for the road transport sector was created for Greece
Fig. 14. Pollutant emission changes from the
and Attica, where the Greater Athens Area is located, for the period
2006–2010 according to the EMEP/CORINAIR methodology. The results
of this study indicated that:

• The decrease in gasoline consumption in 2008 and 2010 and the sub-
sequent reduction of annual mileage driven combined with the im-
port of new engine anti-pollution technologies affected CO, VOC and
NMVOC emissions, while CO2wasmostly related to fuel consumption.

• Comparing Greece andAttica, the emission results revealed that about
40% of national CO2, CO, VOC and NMVOC and 30% of NOx and parti-
cles are emitted in Attica. The importance of the urban emissions is
shown by the driving condition distribution in Attica. Urban emissions
prevailed among emissions in rural roads and highways for all pollut-
ants, although the latter increased their share on PM and NOx.

• Passenger cars contributed mostly to the total CO, VOC, NMVOC and
CO2 emissions for the Attica region while heavy duty vehicles domi-
nated the NOx, PM2.5 and PM10 emissions. Motorcycles also played a
significant role to CO, VOC and NMVOC emissions since they are
more economic and efficient and consequently very popular to use
in urban traffic conditions.

• Concerning the NMVOC speciation for Attica, species leading to NO2

and consequently O3 formation prevailed, while those acting as PM
precursors were less important.

• The spatial allocation of CO emissions on national highways in 2010
revealed that peaks appeared at highways close to the Athens basin
and at motorways that connect the two larger cities (Athens and
Thessaloniki). The emission pattern of total CO, NOx, PM2.5 and VOC
for Attica for 2010 showed that higher values were concentrated
over the urban area of Athens and at the local motorways.

• Temporal coefficients were developed for Grid 2 from hourly traffic
counts covering the main road network of the GAA at both directions.
As a consequence yearly, monthly, daily and hourly emission profiles
development of the scenarios for Attica.
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were created for the period 2006–2010 highlighting the special
characteristics of the GAA traffic.

• The temporal allocation of pollutant emissions exhibited higher
values for CO and NOx during May and June while the lowest values
were found in August. Concerning weekly traffic flow profiles there
was an obvious difference between weekdays and weekends follow-
ing the weekly working schedule.

• The validation of hourly CO and NOx emissions with ambient mea-
sured concentrations fromanurban traffic station showed satisfactory
correlation for CO since it is a primary pollutant. Concerning the ratios
CO/NOx from the emission inventory and the measurements, there
was a good agreement from 8.00 LST to 10.00 LST in the cold period.
However in June, although there was a good agreement in ratios in
the early morning after 9.00 LST the emission inventory ratio was al-
most half of the measurement ratio. This fact highlights the impor-
tance of photochemical activity and chemical reactions that lead to
the production of secondary pollutants.

• The fleet composition, the increase of urban average speed and the
fleet renewal are among the most effective measures towards the
emission reduction strategies.

• In order to have a significant decrease in CO and VOC emissions in
Athens, the diesel penetrations among PCs must be of the order of
70%. In such a case however, NOx, PM10 and PM2.5 and particle emis-
sionswill increase by 44.7%, 3.5% and 5.4% respectively, indicating that
dieselisation has different impacts on pollutant emissions which
should not be neglected in order to make proper policy decisions.

• The shift to new engine technologies affected emissions positively so
the withdrawal of older cars (e.g. with PRE ECE technology) and
changes in the taxation system should be promoted by policymakers.

• The increase in mean velocity values for each driving condition posi-
tively affected the emissions as expected since engines consume less
fuel at higher velocities.

• The CO and VOC emissions are more sensitive than PM2.5, PM10 and
CO2 to variability in parameters such as the trip length, the tempera-
ture and the velocity attributed to different driving conditions. More-
over, CO, VOC andNOx aremostly influenced by the fleet composition
and the type of fuel used by each vehicle category while the engine
technology affected all pollutants and CO2.

Further work to complete the new emission inventory at national
level and for Attica will shed light on the contribution of all sources to
the pollutant levels. Moreover, modelling of the pollutants' dispersion
and chemical transformations will be possible, leading to the assessment
of different mitigation strategies on the local and regional air qualities.
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Appendix A. Temporal profiles for SNAP sector 7 (Road transport)

The temporal profiles available for the year 2010 for the GAA (locat-
ed in Attica) are presented in the following Tables A.1-A.3. For thedevel-
opment of these temporal coefficients hourly traffic counts were
provided by the Attica Traffic Management Centre for the period 2006
– 2010 covering the main road network of the GAA at both directions.
As a consequence the yearly, monthly, daily and hourly profiles were
created highlighting the special characteristics of the area’s traffic.



Table A.1
Monthly profiles.

Month⁎ 1 2 3 4 5 6 7 8 9 10 11 12

monthly factor 0.083305 0.083928 0.083845 0.082865 0.088883 0.089645 0.085298 0.069467 0.0863 0.083411 0.082391 0.080661

⁎ 1 is for January, 2 is for February, etc.

Table A.2
Weekly profiles.

Month Day⁎ daily factor Month Day daily factor Month Day daily factor Month Day daily factor

1 1 0.120722 4 1 0.122322 7 1 0.114884 10 1 0.12588
1 2 0.149096 4 2 0.137453 7 2 0.15072 10 2 0.145334
1 3 0.150961 4 3 0.15101 7 3 0.148253 10 3 0.148606
1 4 0.142115 4 4 0.15518 7 4 0.151638 10 4 0.1505
1 5 0.152316 4 5 0.156609 7 5 0.156424 10 5 0.139055
1 6 0.150065 4 6 0.150697 7 6 0.155034 10 6 0.154805
1 7 0.134725 4 7 0.126729 7 7 0.123046 10 7 0.135821
2 1 0.123364 5 1 0.123541 8 1 0.113072 11 1 0.124443
2 2 0.138458 5 2 0.143147 8 2 0.154391 11 2 0.145455
2 3 0.14741 5 3 0.147833 8 3 0.156807 11 3 0.146566
2 4 0.150088 5 4 0.148072 8 4 0.152032 11 4 0.147138
2 5 0.150973 5 5 0.153409 8 5 0.151419 11 5 0.151091
2 6 0.155675 5 6 0.155469 8 6 0.155608 11 6 0.151467
2 7 0.134033 5 7 0.128529 8 7 0.116672 11 7 0.13384
3 1 0.12523 6 1 0.11987 9 1 0.123097 12 1 0.126283
3 2 0.147417 6 2 0.148051 9 2 0.144286 12 2 0.143944
3 3 0.148505 6 3 0.146876 9 3 0.145228 12 3 0.147975
3 4 0.148304 6 4 0.14915 9 4 0.15075 12 4 0.149993
3 5 0.138989 6 5 0.153781 9 5 0.151569 12 5 0.152361
3 6 0.154019 6 6 0.153332 9 6 0.15358 12 6 0.148899
3 7 0.137535 6 7 0.128939 9 7 0.13149 12 7 0.130545

⁎ 1 is for Sunday, 2 is for Monday, etc.
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Table A.3
Hourly profiles (provided only for January and June).

Hour (UTC)

Month Day 1 2 3 4 5 6 7 8 9 10 11
1 1 0.030544 0.024664 0.021142 0.019807 0.018372 0.017409 0.021458 0.030716 0.040961 0.050989 0.056742
1 2 0.009812 0.007323 0.008069 0.01655 0.038627 0.058280 0.058448 0.054088 0.051748 0.051917 0.052685
1 3 0.008178 0.006187 0.007049 0.015654 0.037597 0.058403 0.058366 0.055137 0.053062 0.052903 0.053076
1 4 0.010831 0.008453 0.008797 0.015871 0.034095 0.050910 0.050839 0.050267 0.050594 0.052117 0.054561
1 5 0.009355 0.006937 0.007584 0.015796 0.036813 0.057087 0.056311 0.054668 0.053736 0.053213 0.052826
1 6 0.017594 0.013461 0.013002 0.019590 0.035838 0.050557 0.049712 0.046992 0.046328 0.048090 0.050846
1 7 0.020816 0.017505 0.016396 0.018901 0.023704 0.027475 0.034262 0.041559 0.047740 0.053285 0.055957
6 1 0.026251 0.021153 0.020881 0.022353 0.020909 0.026610 0.035062 0.044105 0.050220 0.051445 0.051796
6 2 0.007276 0.008181 0.016501 0.040124 0.058499 0.058570 0.054924 0.052361 0.051263 0.051582 0.053015
6 3 0.006678 0.007500 0.016210 0.039747 0.058195 0.058476 0.056236 0.053401 0.051923 0.052067 0.053384
6 4 0.006763 0.007756 0.015834 0.038797 0.057184 0.058011 0.054917 0.053439 0.051925 0.052169 0.053643
6 5 0.007576 0.008309 0.016820 0.040570 0.056989 0.055445 0.052813 0.052433 0.051332 0.051574 0.053219
6 6 0.008331 0.009205 0.017048 0.039355 0.056263 0.056336 0.053624 0.052071 0.051414 0.052462 0.052652
6 7 0.016877 0.016272 0.020756 0.030231 0.034700 0.040597 0.046099 0.050486 0.053384 0.054125 0.055052
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Hour (UTC)

12 13 14 15 16 17 18 19 20 21 22 23 24
0.061624 0.057618 0.051149 0.054139 0.060071 0.062160 0.058051 0.052042 0.054392 0.042819 0.033881 0.041780 0.037469
0.054370 0.057500 0.059572 0.058842 0.061020 0.058895 0.053514 0.048669 0.043741 0.032773 0.024793 0.023396 0.015367
0.054831 0.058197 0.058185 0.058226 0.060225 0.058420 0.053664 0.051521 0.047760 0.035110 0.026654 0.018800 0.012795
0.057141 0.058592 0.058248 0.058356 0.060186 0.059149 0.055615 0.050894 0.048967 0.037230 0.029587 0.022503 0.016201
0.054040 0.057411 0.057948 0.057158 0.059676 0.057219 0.053214 0.051803 0.047722 0.035117 0.027373 0.022105 0.014889
0.053319 0.053895 0.052747 0.052998 0.05634 0.056447 0.053586 0.052762 0.052009 0.041373 0.033857 0.024667 0.023987
0.057187 0.057686 0.055898 0.051944 0.053071 0.053835 0.053520 0.055065 0.054865 0.047651 0.041959 0.032846 0.026871
0.048342 0.044919 0.046423 0.051574 0.054943 0.058518 0.057299 0.056102 0.048485 0.044249 0.044108 0.040602 0.033653
0.054573 0.056797 0.056642 0.058822 0.056411 0.052191 0.048012 0.044917 0.033351 0.026576 0.030558 0.018547 0.010308
0.056603 0.056910 0.056273 0.058423 0.056535 0.053139 0.051578 0.04926 0.033231 0.028119 0.021892 0.015076 0.009145
0.055784 0.055449 0.055728 0.057963 0.056676 0.053643 0.050557 0.048199 0.037689 0.030014 0.023543 0.015008 0.009308
0.055829 0.055938 0.056675 0.056429 0.054714 0.052915 0.050037 0.049524 0.037920 0.029995 0.025316 0.017328 0.010300
0.054922 0.055477 0.054806 0.056239 0.054761 0.051800 0.049441 0.049439 0.037967 0.031678 0.024928 0.018240 0.011543
0.054632 0.050507 0.046173 0.046454 0.049885 0.053010 0.054386 0.053918 0.046559 0.042162 0.033737 0.028327 0.021673
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