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Abstract
Emissions of atmospheric pollutants are well-known for their adverse effects on air quality and public health. Additionally, GHG 
emissions are responsible for the so called “Radiating Forcing” leading to climate change and degradation of ecosystem services. 
In this work, we analyze the annual emission trends of various air pollutants, including GHGs, from all 4 sectors of transport 
(roads, aviation, navigation, and railway) in Greece during the 28-year period between 1990 and 2017, in order to examine the 
confounding dynamics among external forces, such as the major fiscal recession of 2008, and the GHG/pollutant emissions in the 
country. The analysis is performed with a suite of statistical tools consisting of bivariate correlation analysis, Mann–Kendall test, 
Sen’s slope estimation, and Joinpoint regression analysis, in order to thoroughly study the trends of emissions. It is found that all 
transport sectors (except for the railway) show a significant increase in their emissions, despite the fiscal recession of 2008 that 
temporarily decelerated all aspects of economic activity in the country. Given the major share of transport in GHG emissions 
(37%) and air pollution in urban centers, it is essential that the road sector adapts to the new challenges, by means of switching to 
low-emission technologies and electromobilization. The same applies for the navigation and aviation sectors, which are known 
pillars of the tourist industry in the country.
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Introduction

It is well-known that ambient air pollution is responsible 
for many harmful effects. Among them are the adverse 
effects on human health and wellbeing, and climate 
change. Specifically, air pollution is one of the greatest 
factors of environmental degradation, and was responsible 
for 6.5 million of premature deaths worldwide in 2015 
(Landrigan et al. 2017). Typical adverse health effects of 
air pollution include cardiovascular and respiratory mor-
tality and morbidity (see, e.g., Hoek et al. 2001; Pope 
and Dockery, 2006). On the other hand, certain atmos-
pheric pollutants are responsible for the so-called “Radia-
tive Forcing,” resulting in climate change in the form of 
global warming (IPCC 2013). Existing evidence indicates 
that increased temperatures, in combination with other 
climate extremes, have already resulted in tropicalization 
and desertification in various parts of the planet (Patz et al 
2005; Salvati, 2014; Huang et al. 2016). The temperature 
rise is projected to continue, and is estimated to reach 
1.4–5.8 °C by 2100 (Kjellström et al. 2011), posing an 
additional burden on the environment and human health 
(Stott et al. 2004; Linares et al. 2020).

Power plants, road traffic, industry, and agriculture are 
the main anthropogenic sectors that emit atmospheric pol-
lutants (Bignal et al., 2007). Additionally, the combustion 
of fossil fuels (such as wood, coal, oil etc.) for domestic 
heating represents another important source of air pollution 
(especially particulate matter) in wintertime (Reisen et al., 
2019; Adesina et al., 2020). Typical air pollutants detected 
in the close vicinity of anthropogenic sources are nitrogen 
oxides, carbon monoxide, particulate matter and benzene.

In order to reduce the aforementioned emissions and 
protect public health and the environment, the EC has 
introduced a number of directives that the member-states 
need to include in their national air pollution policies. 
Additionally, the EU joined the 2015 Paris Agreement and 
pledged to reduce its GHG emissions by 40% before 2030, 
starting as of January  1st 2020.

Although the potential of reducing emissions from 
power plants, industry and agriculture is high and could 
be materialized with the application of long-term poli-
cies, reducing transport emissions is a rather challeng-
ing endeavour. According to the Paris agreement, road 
transport is one of the main sectors where  CO2 emissions 
need to be reduced (regulation 2019/631). In 2020, Regu-
lation (EU) 2019/631, which replaced the former Regu-
lations (EC) 443/2009 (cars) and (EU) 510/2011 (vans), 
entered into force, setting new  CO2 emission performance 
standards for new passenger cars and vans. From its appli-
cation, the average  CO2 emissions from new passenger 
cars registered in Europe have decreased by 12% compared 

to 2019 and the share of electric cars has tripled (https:// 
ec. europa. eu/ clima/ eu- action/ trans port- emiss ions/ road- 
trans port- reduc ing- co2- emiss ions- vehic les/ co2- emiss ion- 
perfo rmance- stand ards- cars- and- vans_ en). The new EC 
target is achieving climate neutrality in the EU by 2050, 
including the intermediate target of an at least 55% net 
reduction in GHG emissions by 2030.

GHG emissions from ships and airplanes are also of 
importance, in light of the continuous global increase in the 
number of domestic and international (including charter) 
flights and sea cruises (added to traditional commercial navi-
gation). During the touristic periods of the year, emissions 
from ships, cars and airplanes peak. This is more evident 
in popular touristic destinations, such as the Mediterranean 
area. Since 2012, for the aviation-related  CO2 emissions, 
EU established the EU emissions trading system (EU ETS). 
Under the EU ETS, all airlines operating in Europe are 
required to monitor, report and verify their emissions, and to 
surrender allowances against those emissions. They receive 
tradeable allowances covering a certain level of emissions 
from their flights per year. The system has so far contributed 
to reducing the carbon footprint of the aviation sector by 
more than 17 million tonnes per year, with the compliance 
covering over 99.5% of the emissions (https:// ec. europa. eu/ 
clima/ eu- action/ trans port- emiss ions/ reduc ing- emiss ions- 
aviat ion_ en).

In 2013, the EC set out a strategy towards monitoring 
and reducing the GHG emissions from the shipping indus-
try. The recent amendment to the EU Emissions Trading 
System (ETS) Directive, by Directive (EU) 2018/410 of 
the European Parliament and the Council, emphasizes 
the need to act on shipping emissions in addition to all 
other sectors of the economy (https:// ec. europa. eu/ clima/ 
eu- action/ trans port- emiss ions/ reduc ing- emiss ions- shipp 
ing- sector_ en).

The aforementioned concerns on the impact of the various 
transport sectors on GHG emissions have recently been the 
subject of significant research interest. For instance, Murena 
et al. (2018) studied the impact of cruise ship emissions on 
the air quality of Naples, Italy, while Lo et al. (2020) ana-
lysed the determinants of  CO2 emissions originating from 
passenger traffic in Lombardy, Italy. Iarocci et al. (2019) 
studied the emissions from road transport in Italy and found 
a considerable decrease, complying with the EU policies, 
while Bebkiewicz et al. (2020) found an increase of  CO2 and 
 N2O emissions and a decrease of  CH4 emissions in Poland 
due to the dynamic development of motorization in recent 
years. Along the same lines, Sobrino and Monzon (2018) 
proposed a methodology to achieve a sustainable transport 
system in Spain, by means of reducing the road transport 
emissions.

In Greece, the transport sector is one of the most chal-
lenging GHGs sources (Koroneos and Nanaki, 2007), 

https://ec.europa.eu/clima/eu-action/transport-emissions/road-transport-reducing-co2-emissions-vehicles/co2-emission-performance-standards-cars-and-vans_en
https://ec.europa.eu/clima/eu-action/transport-emissions/road-transport-reducing-co2-emissions-vehicles/co2-emission-performance-standards-cars-and-vans_en
https://ec.europa.eu/clima/eu-action/transport-emissions/road-transport-reducing-co2-emissions-vehicles/co2-emission-performance-standards-cars-and-vans_en
https://ec.europa.eu/clima/eu-action/transport-emissions/road-transport-reducing-co2-emissions-vehicles/co2-emission-performance-standards-cars-and-vans_en
https://ec.europa.eu/clima/eu-action/transport-emissions/reducing-emissions-aviation_en
https://ec.europa.eu/clima/eu-action/transport-emissions/reducing-emissions-aviation_en
https://ec.europa.eu/clima/eu-action/transport-emissions/reducing-emissions-aviation_en
https://ec.europa.eu/clima/eu-action/transport-emissions/reducing-emissions-shipping-sector_en
https://ec.europa.eu/clima/eu-action/transport-emissions/reducing-emissions-shipping-sector_en
https://ec.europa.eu/clima/eu-action/transport-emissions/reducing-emissions-shipping-sector_en
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mainly due to the rapid touristic development reported 
after the economic recession of 2008. During the last dec-
ade, all transport branches (except for the railway) have 
increased their share in the total  CO2-eq emission budget. 
Currently, the road transport contributes up to 22% of 
the total GHGs emissions in Greece (http:// unfccc. int), 
while an additional 13% originates from the international 
navigation/aviation sector. The objective of this study is 
to analyze the trends in atmospheric emissions within the 
four transport sectors (road, navigation, aviation, rail-
way) in Greece between 1990–2017, using a variety of 
statistical techniques, in order to examine the confounding 
dynamics among external forces, such as the major fiscal 
recession of 2008, and the GHG/pollutant emissions in the 
country. This analysis could shed light in understanding 
the emissions’ mosaic under unforeseen phenomena and 
could highlight the interrelation among the various aspects 
of social/economic life and the attempt of Greece to com-
ply with the EU mitigation policies. The latter seems of 
particular importance in light of the current COVID-19 
pandemic, when changes in social/economic activities 
have resulted in significant shifts in GHG/pollutant emis-
sions worldwide.

Materials and methods

In this study, the emissions related to the four transport 
sectors (e.g., road transport, aviation, navigation, railway) 
were considered. In particular, yearly values (in kilotons) 
of the three main GHGs (namely  CO2,  CH4 and  N2O), as 
well as the emissions of CO,  NH3, NMVOCs, NOx in the 
form of  NO2, SOx in the form of  SO2,  PM10,  PM2.5, Black 
Carbon and TSP were studied. The data were collected by 
the Greek Ministry of Environment, EEA/EMEP and the 
United Nations Framework Convention on Climate Change 
(UNFCCC) (http:// unfccc. int). It is noted that hydrofluoro-
carbons (HFCs), perfluorocarbons (PFCs) and hexafluoride 
(SF6) emissions were not considered, as these are mainly 
related to industrial activities. In order to estimate the 
GHGs emitted from the road transport sector, a standard-
ized methodology consistent with the 2006 IPCC Guidelines 
for national Greenhouse Gas Inventories (IPCC, 2006) and 
the 2019 EEA/EMEP Emission Inventory Guidebook, as 
well as the COPERT 5 software were used. COPERT is a 
European application to calculate the emissions from road 
transport, including appropriate methodology to estimate the 
local vehicle fleet emissions. Different methods and calcu-
lation processes are used to estimate the exhaust and non-
exhaust emissions of the various pollutants (Ntziachristos 
et al. 2009). Specifically, exhausted pollutants  (EEXH) emit-
ted by the vehicle engine are calculated with the following 
equation:

where  EHOT are emissions (g) during stabilised (hot) 
engine operation and  ECOLD are emissions (g) during tran-
sient thermal engine operation (cold start). For a given time-
period and activity level, hot emissions are calculated by:

where N is the number of vehicles [veh], M is the mileage 
per vehicle [km/veh] and  eHOT is an emission factor [g/km] 
for a specific pollutant. The cold-start emissions  (ECOLD) 
occur for all vehicle categories, before the vehicles reach 
their normal operation temperature and they seem to be most 
likely for urban and rural driving, where the number of starts 
is more frequent. Equation (3) is used to calculate cold-start 
emissions:

where β is the fraction of mileage driven with a cold 
engine before the engine reaches its normal operation tem-
perature. It depends on the pattern of vehicle used and the 
ambient temperature, while the term  (eCOLD /  eHOT – 1) refers 
to the emission level compared to hot emissions.

The road transport emissions presented here are the sum-
mation of emissions from passenger cars, light and heavy-
duty vehicles, buses, mopeds and motorcycles. The emis-
sions related to road abrasion and tire and brake wear were 
not considered. The navigation emissions include emissions 
from both domestic and international shipping and cruises 
in the Greek seas. Similarly, the aviation emissions include 
domestic and international flights, as well as charter flights.

The study of emission trends was contacted using a suite 
of different statistical techniques. This suite consists of the 
following techniques:

• A bivariate analysis among variables was performed, 
using the Pearson correlation coefficient. The Pearson 
correlation is widely used to measure the statistical 
relationship, or association, between two continuous 
variables (where value r = 1 means a perfect positive cor-
relation and value r = -1 means a perfect negative correla-
tion).

• A Principal Component Analysis (PCA) was applied 
with the IBM-SPSS 26.0 statistical software, to identify 
homogeneous trends. PCA is widely used to reduce a 
dataset which contains a big number of variables to a 
dataset with fewer new variables that are uncorrelated 
and represent a parge fraction of the variability included 
in the original set.

• The Mann–Kendall’s correlation coefficient (i.e. the rank-
based nonparametric test for assessing the significance of 
a trend) was estimated with the IBM-SPSS 26.0 statisti-

(1)EEXH = EHOT + ECOLD

(2)EHOT = N × M × eHOT

(3)ECOLD = β × N ×M × eHOT ×
(

eCOLD∕eHOT − 1
)

http://unfccc.int
http://unfccc.int
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cal software, to investigate whether variables could be 
regarded as statistically dependent (Kendall and Gibbons, 
1990).

• Additionally, the Sen’s slope estimation was performed 
with the MAKESENS 1.0 statistical software (Sirois, 
1998), in order to examine whether the pollutants stud-
ied present a statistically significant monotonic increase/
decrease. In general, the Sen’s slope is used to estimate 
the trend of a dataset and is commonly used in combi-
nation with the Mann–Kendall test to provide both an 
estimate and a test for the trend.

• Finally, a Joinpoint regression analysis was performed 
with the “Joinpoint regression” software (version 
4.8.0.0), in order to examine the time-trends of the emis-
sions. The advantage of this analysis is that it identifies 
turning points (i.e., significant changes) in trends and 
allows for the Average Annual Percent Change (AAPC) 
to be estimated (Kim et al. 2000). It is noted that the 
significance level for this analysis was set at p < 0.05.

Results and discussion

The road transport  CO2-eq emissions in Greece accounted 
for 22.6% of the total emissions in 2017, while an addi-
tional 13.2% originated from the international aviation and 
navigation sectors. Figure 1 depicts the annual variation of 
emissions from roads, navigation, and aviation, separately.

The contribution of each transport sector in the total 
 CO2-eq transport emissions for 2017 is shown in Fig. 2. 
Road transport presents 51.8% of the total  CO2-eq trans-
port emissions, while navigation contributes up to 36.1%. 

Aviation has a smaller contribution (11.6%), while railway 
accounts for 0.5%.

The road sector  CO2-eq emissions increased from 12,000 
to almost 15,000 Kt between 1990–2017, presenting an 
increase of almost 25%. It is noteworthy that the road sector 
emissions continued to increase until 2008–2009 (with a 
peak at 21,295 Kt), at which point they decreased sharply, 
due to the economic recession that decelerated almost all 
aspects of financial activity in the country (Sadorsky, 2020; 
Roinioti and Koroneos, 2017). This pattern was confirmed 
for the emissions of each specific vehicle category (passen-
ger cars, light-duty vehicles (LDV), heavy-duty vehicles and 
buses (HDV), mopeds and motorcycles) (Fig. 3). In the case 

Fig. 1  Annual variation of 
 CO2-eq emissions from roads, 
navigation and aviation in 
Greece between 1990 and 2017
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of mopeds and motorcycles specifically, the  CO2-eq emis-
sions almost quadrupled during the studied period. For the 
rest of transport sectors, navigation and aviation presented 
a similar behavior with increase of their  CO2-eq emissions 
(Fig. 1). The Railway has been the only exception in the 
aforementioned pattern, and presented a significant decrease 
(37%) throughout the 28-years period (not shown in Fig. 1).

In Table 1, the results of the Mann–Kendall test for the 
road sector are shown. According to the table, a monotonic 
increase for  CO2 and  NH3 was detected, whereas for  CH4, 
 N2O and TSP, a stabilization pattern was found. These find-
ings contradict the general trend for decrease detected in the 
EU28 (-21.7%) during the period of 1990–2015, which was 

mainly related to the reduction of fossil fuel  CO2 emissions 
(Crippa et al. 2019). However, differences are not rare within 
the EU area. For instance,  CH4 emissions from landfills are 
still increasing in some Southern European countries, such 
as Cyprus and Spain (Crippa et al. 2019; Olivier et al 2017). 
Poland presents a general increasing trend in GHGs emis-
sion from the road sector due to the dynamic development of 
motorization (Bebkiewicz et al 2020), while Italy presents a 
stabilization pattern (Iarocci et al. 2019). On a global scale, 
China and India increased their emissions by about 660% 
and 335% respectively during 1990–2015, while Japan’s 
emissions practically remained stable and Russia showed 
a reduction of 27% due to the collapse of the eastern Euro-
pean social economic system during this period (Ritchie and 

Fig. 3  Annual variation of 
 CO2-eq emissions from roads 
per vehicle category between 
1990 and 2017
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Table 1  Mann–Kendall test and Sen’s slope estimation results for the 
road sector emission trends

Pollutant Mann–Kend-
all Tau-Z

P-value Sen’s Slope Trend

CO2 3.50 0.001 333.107 Increase
CH4 -1.96 0.1 -0.043 Stable
N2O -1.04  > 0.1 -0.006 Stable
CO -7.13 0.001 -26.205 Decrease
NH3 2.79 0.01 0.050 Increase
NMVOC -7.05 0.001 -5.309 Decrease
NOx -3.63 0.001 -1.888 Decrease
SOx -5.53 0.001 -0.770 Decrease
PM10 -3.34 0.001 -0.069 Decrease
PM2.5 -4.02 0.001 -0.085 Decrease
BC -2.84 0.01 -0.032 Decrease
TSP -1.38 0.001 -0.044 Stable

Table 2  Mann–Kendall test and Sen’s slope estimation results for the 
navigation sector emission trends

Pollutant Mann–Kend-
all Tau-Z

P-value Sen’s Slope Trend

CO2 -0.30  > 0.1 -11.990 Stable
CH4 0.77  > 0.1 0.002 Stable
N2O -3.26 0.01 -0.027 Decrease
CO -2.86 0.01 -0.342 Decrease
NMVOC -2.90 0.01 -0.130 Decrease
NOx -2.86 0.01 -3.854 Decrease
SOx -2.02 0.05 -0.023 Decrease
PM10 -1.52  > 0.1 -0.151 Stable
PM2.5 -1.52  > 0.1 -0.139 Stable
BC -2.43 0.05 -0.049 Decrease
TSP -1.52  > 0.1 -0.155 Stable
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Roser, 2018; Olivier et al. 2017). Emissions in the USA also 
increased, but showed a reduction during the last years of the 
period (Ritchie and Roser, 2018).

For the rest of pollutants, namely CO, NMVOC, NOx, 
SOx,  PM10,  PM2.5 and BC, a statistically significant decrease 
was found (Table 1). This decrease reflects the restrictive 
measures adopted in the EU, and is consistent among many 
EU member-states. Carslaw et al. (2016) showed that NOx 
concentrations have decreased in London since around 2010. 
This decrease was driven by the relatively large reductions in 
the amount of  NO2 directly emitted by vehicles, from around 
25 vol% in 2010 to 15 vol% in 2014 in inner London. Cattani 
et al. (2010) found a decreasing trend for all of the afore-
mentioned pollutants in Rome during 1999–2008. Similar 
trends were found in German cities. Specifically, Matthias 
et al (2020) developed a novel model to calculate current 
day traffic emissions in Germany, and found that by 2040, 
NOx emissions from traffic will decrease by approximately 
80%, while PM emissions will present a smaller reduction 
(13%). On the whole, Uherek et al. (2010) found that vehi-
cle exhaust emission control has successfully reduced emis-
sions of NOx, CO, VOCs and PM in industrialised countries, 
although in developing countries pollutant emissions have 
been showing significant growth, adversely affecting many 
populations.

A small degree of diversification was observed among the 
different branches of the road sector. Specifically, for  CH4 
a statistically significant decrease was found for passenger 
cars and light-duty vehicles (Tables S1 and S2, provided as 
supplementary material), while for the rest of the categories 
a statistically significant increase was detected (Tables S3 
and S4). For  CO2, the trend was not statistically significant 
for light-duty vehicles (Table S2). On the other hand, an 
increase in  N2O emissions was detected for the mopeds and 
motorcycles class (Table S4). These diversifications most 
likely reflect the varying age of the engines and the driv-
ing conditions (Giechaskiel, 2020; Vasic and Weilenmann, 
2006).

Regarding the railway sector, a statistically significant 
decrease for all pollutants was found (Table S5), probably 
reflecting the replacement of the old fleet with new, lower 
emission trains (Heinold and Meisel, 2018; de Miranda 
Pinto et al., 2018). For the navigation sector, no statistically 
significant increase/decrease for the two main greenhouse 
gases  (CO2 and  CH4), particulates  (PM10  PM2.5) and TSP 
was observed, while for the rest of the pollutants (includ-
ing  N2O) a statistically significant decrease was detected 
(Table 2), probably reflecting the partial renewal of the fleet.

Finally, for the aviation sector, a statistically signifi-
cant increase was registered for NMVOCs, NOx, SΟx, 

particulates and BC. For all three GHGs and CO, a stabili-
zation trend was found, though not statistically significant 
for  CH4 and CO (Table S6).

Joinpoint regression analysis was then applied, in order 
to further study the emission trends, by means of identifying 
specific time-points when significant changes in trends were 
recorded. The results for the road sector are shown in Fig. 4.

For  CO2 (Fig.  4a), a steep increase of emissions is 
observed up to 2009, followed by a steep decrease up 
to 2012. Following that, a stabilization of emissions is 
observed. This is consistent with the characteristics and the 
evolution of the economic crisis that affected Greece after 
2009 (Sadorsky, 2020; Valavanidis et al. 2015). The impact 
of the fiscal recession is evident on all emissions, although 
various differences are observed among different pollutants. 
Interestingly, CO emissions show a continuous decrease 
throughout the years, probably reflecting improvements in 
the technology of vehicles’ engines.

For the aviation sector (Fig. 5), all three GHGs  (CO2,  CH4 
and  N2O) present a similar pattern, marked by an increase 
up to 2004, followed by a decrease (figures for  CH4 and 
 N2O are omitted). For CO (Fig. 5b) and NMVOCs (figure 
not shown), the impact of the economic recession is evident.

For the navigation sector, an almost stable behavior 
was found for  CO2 and  CH4 (figures not shown). For  N2O 
(Fig. 6a), a decrease was detected between 2009–2013, fol-
lowed by an increase. This increase probably reflects the 
economic recovery and the development of the touristic 
ship-cruises industry in Greece.

Similarly, for the railway sector’s  CO2 emissions 
(Fig. 6b), the steep decrease between the years 2008–2012 
is evident. This pattern is common for all railway emissions 
(figures not shown).

Table 3 presents the Pearson correlation coefficients 
among pollutants of the road sector. The coefficients are 
mainly positive, indicating a simultaneous change for most 
sets of pollutants. For example, NOx correlated significantly 
(positively) with  PM10 (0.973),  PM2.5 (0.986), BC (0.978), 
and TSP (0,954) probably suggesting photochemical 
formation driven by the presence of nitrogen oxides (Nuñez-
Alonso et al. 2019; Cattani et al., 2010). On the other hand, 
the anticorrelation observed for the pair NMVOC-CO2, 
probably reflects ozone formation in the troposphere 
(Matthes et al. 2007). The anticorrelation observed for the 
pair SOx-CO2 may be related to the vehicle and industrial 
production technology (Huang et  al. 2018). Regarding 
the pair of CO-CO2, the anticorrelation observed does 
not come as a surprise, as CO is a product of inefficient 
combustion that has often been used as a tracer of  CO2 
from combustion (Turnbull et al. 2006). The emission ratio 
of  CO2 to CO varies with the efficiency of combustion 
(Andreae and Merlet, 2001), depending on the emission 
control technologies adopted, as well as vehicle maintenance 

Fig. 4  Joinpoint regression for the road sector emissions of  CO2 (a), 
 CH4 (b),  N2O (c), CO (d), NOx (e) and  PM10 (f)

◂
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(Bishop and Stedman, 2008). Finally, the anticorrelation 
observed between  NH3 and all other pollutants probably 
reflects cold start conditions, and is in agreement with the 
mechanisms described in recent works (Behera et al. 2013; 
Lehtipalo et al. 2018; Lachatre et al. 2019; Viatte et al. 
2020).

In Tables S7-S10, the Pearson correlation coefficients are 
shown, separately, for the four branches of the road sector. 

Although the aforementioned pattern is generally repeated, 
various differences (especially for light and heavy-duty 
vehicles) reflect the different fuel used and the driving 
conditions.

*Correlation significant at the 0.05 level.
**Correlation significant at the 0.01 level.
For the railway (tables not shown), navigation (Table 4) 

and aviation sector (Table S11) all Pearson correlation 

(a)                (b) 

Fig. 5  Joinpoint regression for the aviation sector emissions of  CO2 (a) and CO (b)

         (b) 

Fig. 6  Joinpoint regression for the navigation sector emissions of  N2O (a) and the railway sector emissions of  CO2 (b)
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coefficients are positive, indicating simultaneous change. 
This is probably due to the type of engines and fuel used.

*Correlation significant at the 0.05 level.
**Correlation significant at the 0.01 level.
In the next phase, in order to find groups of pollutants 

with similar behavior, the PCA technique was applied. 
According to the PCA results for road transport, the first 
two principal components extracted explain 93.1% of the 
variance. Specifically, the first component (PC1) explains 
67.8% of the total variance, and consists of  CH4,  N2O, CO, 
NMVOC, NOx,  PM10,  PM2.5, BC, TSP. These are pollutants 
that mainly originate from incomplete combustion. The rest 
of pollutants are grouped in the second component (PC2) 
which explains 25.3% of the variance (Table 5).

Tables S12-S15 present the PCA results for each branch 
of the road sector, separately. Specifically, for passen-
ger cars (Table S12) and light-duty vehicles (Table S13), 
the first component extracted consists of  CH4, CO,  NH3, 
NMVOC, NOx, SOx,  PM10,  PM2.5, BC and TSP, while the 

second consists of  CO2 and  N2O. For heavy-duty vehicles 
(Table S14), the results are almost similar to the ones from 
the total road sector, with the main difference being the 
inclusion of  CH4 in PC2. On the other hand, mopeds and 
motorcycles (Table S15) follow a different pattern, with 
the first component consisting of  CO2,  CH4,  N2O,  NH3, 
NMVOC, NOx, SOx,  PM10,  PM2.5 and TSP (and explaining 
65.8% of the total variance) and the second consisting of CO 
and BC (and explaining 30.6% of the total variance). These 
differences probably reflect the different type of engines and 
fuel used.

For the railway (Table  S16), the two components 
extracted explain 99.8% of the total variance. The first 
(explaining 91.5% of the variance) comprises all pollut-
ants except for SOx, while the second, consisting of SOx, 
explains 8.3% of the total variance.

For navigation, the two components extracted explain 
94% of the variation. The first component, consisting of 
 N2O, CO, NMVOC, NOx, SOx,  PM10,  PM2.5, BC and TSP, 

Table 3  Pearson correlation coefficients for the road transport sector

CO2 CH4 N2O CO NH3 NMVOC NOx SOx PM10 PM2.5 BC TSP

CO2 1
CH4 0.255 1
N2O 0.476* 0.759** 1
CO -0.422 0.715** 0.374 1
NH3 0.705** -0.111 0.053 -0.624** 1
NMVOC -0.511** 0.644** 0.340 0.989** -0.686** 1
NOx 0.121 0.936** 0.720** 0.834** -0.267 0.773** 1
SOx -0.673** 0.326 0.075 0.866** -0.793** 0.900** 0.514** 1
PM10 0.154 0.909** 0.756** 0.793** -0.303 0.740** 0.973** 0.516** 1
PM2.5 0.088 0.912** 0.720** 0.842** -0.347 0.790** 0.986** 0.573** 0.991** 1
BC 0.132 0.896** 0.727** 0.807** -0.311 0.752** 0.978** 0.535** 0.979** 0.988** 1
TSP 0.338 0.934** 0.808** 0.684** -0.156 0.614** 0.954** 0.370 0.976** 0.959** 0.956** 1

Table 4  Pearson correlation coefficients for the navigation sector

CO2 CH4 N2O CO NMVOC NOx SOx PM10 PM2.5 BC TSP

CO2 1
CH4 0.983** 1
N2O 0.573** 0.413* 1
CO 0.475* 0.392* 0.605** 1
NMVOC 0.472* 0.389* 0.606** 0.989** 1
NOx 0.466* 0.382* 0.604** 0.997** 0.999** 1
SOx 0.487** 0.405* 0.611** 0.987** 0.986** 0.988** 1
PM10 0.522** 0.457* 0.550** 0.972** 0.970** 0.969** 0.986** 1
PM2.5 0.520** 0.455* 0.551** 0.972** 0.970** 0.970** 0.986** 0.999** 1
BC 0.499** 0.424* 0.585** 0.995** 0.994** 0.993** 0.993** 0.991** 0.991** 1
TSP 0.518** 0.452* 0.547** 0.971** 0.969** 0.969** 0.986** 0.999** 0.999** 0.990** 1
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explains 80.2% of the variation, while the second, consisting 
of  CH4 and  CO2, explains 13.8% (Table 6). The grouping 
probably reflects the different type of engines.

Finally, for aviation (Table S17), the two components 
extracted sum up to 91.1% of the variance. Specifically, 
the first component (non-greenhouse term) explains 69.6%, 
while the second explains 21.5% and comprises the GHGs 
(greenhouse term). This grouping makes sense, as the major 
environmental impact from the life cycle of kerosene is the 
acidification effect, followed by the greenhouse effect. The 
summer smog and eutrophication effect have much less 
severe impact (Koroneos et al. 2005).

In order to further investigate and identify groupings 
among pollutants, the plots of PCA components were stud-
ied (Fig. 7a-d). Specifically, for the road sector (Fig. 7a), 
six main groups of pollutants were found. The first group 

consists of  CO2, (complete combustion term) the second of 
 NH3, the third of  N2O, the fourth of  CH4, TSP,  PM10,  PM2.5, 
 NOx, BC (particulates term), the fifth of CO and NMHCs 
(incomplete combustion term) and the sixth of SOx. Regard-
ing the four branches of the road sector separately (Fig-
ures S1-4), the various differences observed (especially for 
mopeds and motorcycles) probably reflect the different driv-
ing conditions, the types of fuel used and the type of engine.

For the railway sector (Fig. 7b), 2 main groups were iso-
lated; the first consists of SOx, while the second is com-
prised of the rest of pollutants. For the navigation sector 
(Fig. 7c), 3 main groups of pollutants were found: one con-
sisting of SOx, NOx, CO, NMVOC and particulates that 
can be characterized as the photochemical term, a second 
consisting of  N2O and the last consisting of  CH4 and  CO2. 
Finally, for aviation (Fig. 7d), four groups were identified. 
The first group consists of  CO2,  N2O and  CH4 (greenhouse 
gases term), the second of CO (incomplete combustion 
term), the third of SOx, NOx,  PM10,  PM2.5, BC (fuel used 
term) and the last of NMVOCs (photochemical term). d PCA 
components plot for the emissions from the aviation sector.

Conclusions and recommendations 
for transport‑related emission mitigation

This work studies the trends of emissions from the four 
transport sectors in Greece, namely road transport, aviation, 
navigation and railway, between 1990–2017. Our key find-
ings and conclusions are listed below:

• Although the total GHG emissions in Greece were 
reduced by 7.5% during the period studied, our analysis 
shows that the transport sector GHG and other pollutants 
emissions increased.

• This increase was temporarily restrained during the fis-
cal recession of 2008 that decelerated almost all types of 
economic activity in the country. During the years that 
followed 2008, a reduction in the use of private cars was 
observed, while the reduced economic activity likewise 
resulted in reduced use of heavy and light-duty vehicles.

• The economic recovery that followed was accompanied 
by an increase of emissions. This increase was enhanced 
by the rapid development of the touristic sector, which in 
2019 summed up to almost 33 million arrivals of foreign 
tourists in the country; a number almost 40% higher than 
2013.

On the whole, all sectors of transport (with the excep-
tion of railway) increased their emissions during the period 
studied. This growth of the transport sector and its sig-
nificant share in atmospheric pollution and the total GHG 
emissions (37%), apart from degrading the environmental 

Table 5  PCA component matrix 
for the emissions from the road 
transport sector. Loadings lower 
than 0.4 are not shown

PC1 PC2

CO2 0.968
CH4 0.898
N2O 0.690 0.551
CO 0.902 -0.400
NH3 -0.435 0.770
NMVOC 0.684 -0.476
NOx 0.975
SOx 0.659 0.703
PM10 0.972
PM2.5 0.988
BC 0.971
TSP 0.925
Total 

Variance 
Explained

67.8% 25.3%

Table 6  PCA component 
matrix for the emissions from 
the navigation sector. Loadings 
lower than 0.4 are not shown

PC1 PC2

CO2 0.613 0.788
CH4 0.553 0.817
N2O 0.658
CO 0.981
NMVOC 0.980
NOx 0.979
SOx 0.985
PM10 0.983
PM2.5 0.984
BC 0.989
TSP 0.982
Total 

Variance 
Explained

80.2% 13.8%
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Fig. 7  a PCA components plot for the emissions from the road transport. b PCA components plot for the emissions from the railway sector.c 
PCA components plot for the emissions from the navigation sector
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quality, contradicts the relevant EU direction, according to 
which the GHG emissions need to be reduced by 40% up to 
2030, starting as of January  1st, 2020. In order to comply 
with the 2019/631 Regulation for  CO2 emission standards 

for passenger and light commercial vehicles (www. eur- lex. 
europa. eu/ eli/ reg/ 2019/ 631), policies aiming at the reduc-
tion of emissions must be applied. Generally speaking, 
opting for public transport or driving more efficiently can 

Fig. 7  (continued)

http://www.eur-lex.europa.eu/eli/reg/2019/631
http://www.eur-lex.europa.eu/eli/reg/2019/631
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have a significant impact on GHGs from the road sector. 
Additionally, improvements in engine technology result in 
a significant and continuous increase in fuel efficiency for 
car engines. Along these lines, specific recommendations 
are listed below:

• Given that Greece holds certain unique characteristics 
related to its car fleet, as well as the transport sector 
in general, individual policies for both of them merit 
study. Specifically, the country has one of the oldest 
vehicle fleets in the European Union in all categories—
including LDV and HDV—with the average vehicle age 
reaching 13.5 years in 2015, according to data from 
the European Automobile Manufacturers Association 
(ACEA). This is mainly attributed to the economic 
crisis, as many owners of old vehicles were unable to 
replace them, but also to the lack of relevant incentives 
for the purchase of new cars and, conversely, multiple 
incentives for the use of old ones. Given their major 
contribution to the total road transport emissions, it is 
essential to replace the old fleet of LDV and HDV with 
a newer one, that utilizes low-emission technology and 
alternative fuels. During the transition from the old car 
fleet to the new, vehicle inspections for old cars should 
be strict and unbiased.

• Additionally, policies should aim to encourage the 
replacement of passenger cars with low-emission cars, 
such as hybrid cars using the Euro-6c technology. 
Incentives that make electric vehicles more affordable 
could play a key role in lowering the GHG emissions 
from the road transport sector. The adoption of biofuels 
and liquid gas as alternative fuels should also be con-
sidered.

• Furthermore, in the two biggest cities of Greece (i.e. Ath-
ens and Thessaloniki) where half of the total population 
resides, there is a significant lack of parking space, result-
ing in a notable increase in driving time. As opposed to 
most EU counties, private parking in Greece is much 
more expensive during the first hour, a fact which incen-
tivizes drivers to spend more time looking for an empty 
free parking spot. Creating more free parking space for 
the public would also help improving the situation.

• Moreover, the use of public transport should be encour-
aged by means of frequent, eco-friendly and cheap 
transportations. Taxation measures that discourage pri-
vate vehicles’ use and encourage other modes of public 
transport can also be effective.

• Finally, given the high potential of the tourist industry in 
the country, the sectors of aviation and navigation need 
to adapt to the new challenges, by means of promoting 
more contemporary and energy-efficient technologies; an 
attempt frequently referred to as electromobilization.
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