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Abstract: The high concentration of pollutant sources, complex topography, and regional meteorology
are all factors that may contribute to air episodes in dense urban areas. Energy use in buildings is
a significant source of pollution in the Greater Athens Area (GAA), Greece, where over 90% of the
existing building stock has been classified below energy class B. The present study focuses on the
potential effects that a realistic level of building energy efficiency upgrades will have on the air quality
over the GAA. Results are expected to be relevant to similar urban areas. Furthermore, the study of
primary pollutants’ dispersion is applied at a 1.2× 1.2 km spatial resolution, providing significant local
(neighborhood) level information. Numerical simulations were performed using EPA’s CALPUFF
modeling system with wind field input from an independent numerical weather prediction using
NCAR’s Weather Research and Forecasting (WRF) model. In order to calculate emission rates
from major roads, highways, shipping ports, residential heating installations, and major industrial
facilities, data were taken from National and European statistics, demographics, and local topography.
After validation, the modeling system was used to examine three building energy efficiency upgrade
scenarios, implemented on 20% of the buildings. Ground level concentrations of SO2, NOx, CO,
and PM10 were calculated and reductions of up to 9% were found for GAA maximum values but up
to 18% for local values that were also close to or above the European safety thresholds.

Keywords: urban air quality; building energy efficiency; mesoscale pollutant dispersion simulation;
numerical weather prediction

1. Introduction

Around one-quarter of Europeans are exposed to air pollutant levels exceeding some EU air
quality standard [1] in urban areas. Ongoing development projects as well as new legislation related to
energy efficiency, such as the Energy Performance of Buildings Directive [2], frequently affect urban air
quality although the mechanism is multiparametric and difficult to evaluate [3]. Many efforts have
been made to understand the conditions causing air pollution episodes, air pollutants’ accumulation
and long-term exposure to them, and domestic heating in particular has been the focus subject of many
such studies.

An early study [4] investigated the effectiveness of domestic heating reduction scenarios on
urban air quality by applying an EPA dispersion model (ISC-ST) on emission inventories in an urban
setting. It was shown that short-term measures restricting the operation of domestic furnaces have
little effect on NOx concentration levels, most probably due to the significant effect of meteorological
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conditions and urban background concentrations. In another study [5], the overall effect of fuel and
heating system options on pollutant emissions as well as energy use and the economy were considered.
A number of fuels and system alternatives for water and space heating were evaluated. In terms
of fuels, natural gas was found to be the preferable choice while for heating systems, even for the
same energy source, central and district systems provided up to 20% savings compared to individual
ones. Focusing especially on biomass burning for domestic heating, it was found [6,7] to significantly
increase PM10 concentration levels. In another study [8], PM2.5 concentration levels were found to
be higher during winter periods and were attributed to the use of fossil fuels for domestic heating.
Several common heating sources were analyzed and classified based on direct (local) and indirect
emission generation. Surprisingly, modern combined heat and power (CHP) systems were found to
produce more direct emissions with gas compared to coal, because coal CHP systems have a higher
heat to electricity ratio. However, when coal is used outside a CHP system (e.g., scattered use in
rural areas) the direct emissions are much higher than any CHP system. In urban settings with high
population density, and therefore heat load demand, the emissions per unit land area are high and
building insulation measures are proposed as a measure to reduce heat consumption. However, it has
also been noted [6] that meteorological variability has a major effect, which could explain more than
90% of the day to day differences in outdoor concentration levels.

Overall, a number of studies (see, e.g., in [6,7,9]) stress the importance of policies and incentives
to influence the choice of space heating systems. In a typical example [9], a wide range of urban
PM10 and NOx air pollution policies were evaluated in terms of environmental, economic and
sociopolitical aspects. Among other measures, the study looked at reduction of indoor temperature
setting in residential buildings, banning of residential biomass heating systems, banning of diesel
fueled domestic boilers, and energy efficiency refurbishment in residential buildings. Reduction of
building inner air temperatures (effectively reducing losses and heating loads) was found to be the
most promising measure next only to fostering bicycle use. Recently, data analytics have also been used
to examine the relation between heating requirements and reduced air quality standards in cities [10].
Principal component analysis was used [10] to develop an air quality index associated with building
space heating energy requirements and the most influential measures were found to be improving
boiler exhaust performance, district heat system efficiency and the effects of user behavior (energy use).
The effects of vegetation (“greening the city”) seemed to be offset by the fact that plants are inactive
in the winter period. In an analysis of households in 22 different Chinese provinces [11], taking into
account each city’s regional features, it was again found that district heating is the optimal choice for
urban settings, compared to individual systems.

It is clear from the previous survey that building heating system, fuel choice and meteorological
parameters have been found by many researchers to be highly influential to urban air pollution.
In search of a deterministic relationship between emissions and pollutants’ concentrations, air quality
dispersion models that include some form of weather simulation have been widely applied [12]
in order to more explicitly take into account meteorological conditions and topography. Such models
allow air quality simulation under different scenarios and may lead not only to a better understanding
of the observed concentrations but also to an evaluation of future environmental strategies [13].

A combination of EPA’s AERMOD modeling system and a computational fluid dynamics analysis
has been used [14] to focus on the use of natural gas fired CHP systems in urban settings and specifically
on local air pollution. The dependence on meteorological conditions was verified but also a higher
than expected impact of building downwash effects for the dense urban structures. Another model
was developed [15], using UWG and Envi-met software, to study the environmental impact through
the universal thermal climate index (UTCI) of building energy efficiency. The model was tested on
a district of Bologna, Italy, aspiring to connect UTCI and the effects of weather (solar and wind),
vegetation, urban, and building materials and user behavior on building energy performance. However,
ambient air pollution was not considered in the study. Combining a mesoscale numerical weather
prediction model with a dispersion model has been done before (see, e.g., in [16]) but the focus is usually
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on the modeling effort and the thermal environment instead of linking building energy performance to
urban air pollution. These approaches are similar to the one presented here with a major advantage
being a spatial resolution that potentially provides detailed information at the local, neighborhood
level, rather than area maximum or averaged values, which was the focus of a previous study by
the authors [17]. Here, the same methodology is used, in order to include the above-mentioned
dependence of urban air pollution on meteorological conditions, and we apply a number of building
energy efficiency improvement scenarios to change emission rates with their distribution calculated
based on local demographics.

The Greater Athens Area (GAA) belongs to the region of Attica, Greece and is topographically
complex, with an irregular coastline, surrounded by high mountains to the east, west and north. It is
the most populated area in Greece, hosting 3.8 million people [18] on approximately 450 km2, i.e.,
a population density of ~17,000 people per km2. The climate is Mediterranean with wet mild winters
and hot dry summers. Daily mean temperatures range from 10 ◦C in the winter to 26 ◦C in the summer
and the dominating winds blow from NE and SW, directions which coincide with the geographical axis
of the basin [19]. The combination of topography, meteorology (temperature inversions and sea breeze),
and anthropogenic activities such as traffic, residential heating, shipping, and industrial emissions [20]
have caused air pollution episodes in the past [21,22]. The ongoing economic recession has affected
pollution sources, especially road transport and residential heating, leading to lower concentrations of
NOx and SO2 but higher levels of smog [23]. Increased building energy efficiency may contribute on a
more systematic and controlled basis to the improvement of air quality but its contribution is difficult
to quantify.

There are multiple factors related to building energy use that suggest the possibility of effects on
urban air quality and justify further study. For example, most buildings in the GAA [24] use local heat
production systems based on combustion (oil, gas, and wood/biomass) for residential heating and the
byproducts of the process are emitted within the urban core. Therefore, the amount of energy being
used, in itself, directly impacts the amount of flue gases released and the concentration of pollutants
in the area. This can be regulated by the energy demand of the building, related to heat loss and
insulation and also by the efficiency of the heat production process, i.e., that of the burner. Furthermore,
the type of fuel directly affects the constitution of the flue gases, e.g., amount of sulfur (S) in the fuel,
emission of particulate matter (PM), etc.

The EPA recommends the use of the CALPUFF modeling system [25] for applications on long
range transport of pollutants (distances > 50 km) or over complex terrain, in order to account for the
spatial and temporal variability of flow fields. The system is a non-steady state Lagrangian puff model
designed to estimate transport, chemical transformation and removal of pollutants, while considering
time- and space-varying meteorological conditions [26]. The combination of Numerical Weather
Prediction (NWP) models with dispersion models has been a growing trend in order to better simulate
the effects of local meteorology on pollutant dispersion [27–29]. In the present study, concentrations of
primary pollutants are estimated using CALPUFF coupled with the Weather Research and Forecasting
(WRF) NWP model. Emissions and concentrations of relevant pollutants from road transport,
residential heating, navigation, and industrial facilities have been estimated. The performance of the
combined systems is evaluated through comparison with measurements from air quality monitoring
stations operated by the Hellenic Ministry of Environment & Energy. After validation of the model,
different emission scenarios were studied to provide a realistic implementation of building energy
efficiency measures, based on the Energy Performance of Buildings Directive (EPBD). Although there
have been studies that address air pollution over the GAA [30–32], to the authors’ knowledge, this is
the first attempt to combine emission estimation and dispersion simulation with detailed reference to
the effects on air quality of building energy efficiency measures. Furthermore, the study goes beyond
an emissions rate inventory and combines it with effects of local weather and topography to give
detailed information on the distribution of pollutant concentration values within the study area.
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2. Materials and Methods

The model set-up used here is the same as the one in our previous study [17] but the main aspects
are repeated for completeness and to keep basic input information together with the results.

2.1. Model Description

CALPUFF is a multi-layer, multi-species, non-steady state dispersion model. Its puff formulation
enables it to address spatial variability of meteorology, nonuniform land use patterns, dry deposition,
wet scavenging, and turbulence based on dispersion coefficients derived from either similarity theory
or observations [12]. It is suitable for modeling domains ranging from tens of meters to hundreds of
kilometers from a source and for predictions for averaging times from one-hour to one year. It can
operate with different source types: point, line, area, and volume using an integrated puff sampling
function. In the present application, radially symmetric Gaussian puffs are implemented, as they
are considered more suitable for far-field applications [25]. For the computation of meteorological
parameters, CALMET is used as a preprocessor. For the computation of the wind fields, an initial
guess field is combined with observational or prognostic data to create the final wind field. This data
can be sourced either from meteorological stations or from gridded prognostic wind fields generated
by a mesoscale model like WRF. In the present study, we used the latter, which is usually better at
reproducing regional flows without data gaps and in many cases improves model performance [33].

The WRF-ARW v3.7 implementation we used included the following relevant physics schemes:
WRF-Single-Moment 3-class (WSM3) microphysics scheme [34], Kain–Fritsch cumulus and convective
parameterization [35], YSU planetary boundary layer scheme [36], MM5 similarity surface [37],
NOAH [38] with UCM [39] land surface model, and the RRTM [40] and MM5 SW [41] radiation
schemes. Topography was derived from the global 30 s USGS topography data. Initial and boundary
conditions were given by the NCEP-GFS (National Centre for Environmental Prediction-Global
Forecasting System) global circulation model four times a day. Boundary conditions are updated with
GFS forecasts every 12 h for calculation of 48 h WRF forecasts with a maximum time step of 30 s.
The WRF model was run on three nested grids (Figure 1) at 45 vertical levels: 12 × 12 km over Greece,
6 × 6 km over Attiki, 1.5 × 1.5 km over greater Athens. The 1.5 × 1.5 km resolution was used as input
to CALMET.
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2.2. Emissions Estimation and Spatial Allocation

The evaluation period was the week of 10–16 February 2018, for which we estimated emissions
of nitrogen oxides (NOx), carbon monoxide (CO), carbon dioxide (CO2), sulfur dioxide (SO2), and
particulate matter (PM10) from road transport, residential heating, ship navigation, and industry.
As pointed out in an emission inventory [42], air quality in Greece is mostly affected by road transport,
navigation, small combustion, and industries. The GAA has the lowest emission contribution
across Greece in the agriculture sector while aviation is its lowest emitting sector for PM10 & NOx,
which explains why both these sectors were not accounted for in the present calculations of air pollutant
emissions in the area.

The GAA is characterized by a high population density and the majority of homes heated through
distributed systems using heating oil as an energy source [24]. Transport includes underground metro
and tram, which do not contribute to local air pollution but also public buses and privately owned
automobiles, which do. There are also two large highways passing through the area. Furthermore,
there is a large commercial port located to the south and an industrial area to the southwest. These main
sources are depicted in Figure 2. Emissions from industrial stacks and national highways were
estimated explicitly as point and line sources, respectively. The line sources were simulated using
a sequence of coordinates, enough to provide for a sufficient resolution of the road path. All other
emissions were modeled as area sources within 64 subdomains, each covering an area of 23.04 km2 and
containing 16 predefined square grid cells (dx = dy = 1.2 km), which determined the spatial resolution
of the simulation. The study area can be seen in Figure 2: the 1.2 km × 1.2 km grid is shown in red,
the 64 subdomain areas in blue, the area of Piraeus port in green, industrial facilities in purple and
highways in orange.
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2.2.1. Road Transport

Road transport is accountable for approximately 20% of total CO2 emitted in Europe and although
these emissions are dropping (e.g., by 3.3% in 2012), they are still 20.5% higher than 1990 [43]. Due to
differences in engine operation, it is common practice to differentiate between urban and rural roads or
highways [13] when examining vehicle emissions. Directly applicable data for road traffic emissions in
Attica during the simulation period were not available but the European Monitoring and Evaluation
Program (EMEP) has provided sector data for Greece for the year 2016 [44]. According to a road
transport inventory for Greece and Attica for 2006–2010 [20], 40% of national CO2 and CO and 30% of
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NOx and particles are emitted in Attica. Emissions from urban roads were estimated and spatially
allocated on each of the grid cells in Figure 1 using the following scheme,

Ei,x = Ei
popi,x

poptotal
, Ei =

∑
j
(HTL·L)·eijk (1)

where Ei,x is the emission (in mass) of pollutant i in grid cell x, Ei is the annual total mass emission
of pollutant i, popi,x is the population in cell x, poptotal is the total population for the entire domain,
with population data obtained from ELSTAT [18]. Emissions from the two national highways seen
in Figure 2 were estimated based on the hourly traffic count (HTL), measured in number of vehicles
on road segment length L (km) [45] using eijk as the emission factor [46] for pollutant i, vehicle type
k and engine technology j (tonnes/km/vehicles). For the present study, we included passenger cars,
light commercial vehicles, heavy duty vehicles, buses, and motorcycles. Rural emissions were not
considered since GAA is an urban area [47]. Annual emissions from road transport for Greece and
Attica, are shown in Table 1.

Table 1. Estimated road transport emissions for Greece and Attica, 2016 [44].

Emissions (Tonnes/Year) NOx CO SOx CO2

Greece 6.91 × 105 2.48 × 106 1.14 × 103 2.11 × 108

Attica 2.78 × 104 9.61 × 104 4.56 × 101 8.50 × 106

2.2.2. Small Combustion

Following the EMEP/EEA [46] classification, small combustion comprises five different groups:
open fireplaces using wood, small size (<50 KWth) boilers using oil, medium size (50 KWth–1 MWth)
boilers using oil, boilers using natural gas, and finally stoves using natural gas. The declining income
in Greece during recent years has led to the extensive use of, otherwise decorative open fireplaces
found in urban dwellings, as means for domestic heating [48]. The GAA in particular has experienced
smog formation during winter months because of residential wood burning, an increasingly frequent
occurrence during the years of the financial crisis [49]. The emissions of relevant pollutants (SO2, NOx,
CO, and PM10) were determined using a technology specific approach [46] based on

Ei =
∑

j,k
EFi,j,kAj,k (2)

where EFi,j,k is the default emission factor of pollutant i for source j and fuel k (g/GJ), and Aj,k is the
annual consumption of fuel k in source type j (GJ). The annual consumption of thermal energy in a
typical Greek household was considered [50] as was the share of fuels used for residential heating in
Attica [51]. Spatial allocation of emissions was made possible using population and housing data [18]
so that each area of the grid corresponded to a number of households. Boiler and fuel type emission
factors are given in Table 2.

Table 2. Emission factors for residential heating by technology and fuel used ([46]).

Pollutant

Fuel Oil Natural Gas Wood

Medium Boilers
50–1000 kWth

(g/KWh)

Small Boilers
<50 KWth (g/Kwh) Stoves (g/KWh) Boilers (g/Kwh) Open Fireplaces

(g/Kwh)

SOx 5.04 × 10−1 2.84 × 10−1 0.18 × 10−2 0.11 × 10−2 0.40 × 10−1

NOx 3.60 × 10−1 2.48 × 10−1 18.0 × 10−2 15.1 × 10−2 1.80 × 10−1

PM10 0.11 × 10−1 0.11 × 10−1 0.18 × 10−2 0.07 × 10−2 30.2 × 10−1

CO 1.44 × 10−1 0.65 × 10−1 10.8 × 10−2 7.92 × 10−2 144 × 10−1
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2.2.3. Navigation

Although ship emissions in port account for a small percentage of the total emissions from
ship activity [52], they are the most relevant to urban air quality for port cities [53]. There are a
limited number of studies focusing on port emissions and only a few for the port of Piraeus [30,54].
We estimated emissions from passenger and container ship navigation in the port of Piraeus for the
exhaust pollutants SO2, NOx, PM10, and GHG (CO2). Standard approaches depend on the available
data so emissions can be estimated through a default approach (Tier I), a technology-specific approach
(Tier II) or a ship movement methodology (Tier III) [46], which was the one applied here according to

ETrip,i,j,m =
∑

p
[Tp

∑
e

(
Pe × LFe × EFe,i,j,m,p

)
] (3)

where ETrip is the emission of pollutant (i) over a complete trip (tons), LF is the engine load factor (%),
P is the engine power (kW), T is time (h), EF is the emission factor (kg/ton) depending on type of vessel:
e is the engine category (main or auxiliary), j is the engine type (slow-, medium-, and high-speed
diesel, gas turbine, or steam turbine), m is the fuel type (bunker fuel oil, marine diesel oil/marine
gas oil, gasoline) and finally p is the different phase of trip (maneuvering or at berth). The Hellenic
Ministry of Shipping and Island Policy announces daily departures of passenger ships from the port of
Piraeus [55] and their engine information was taken from the work in [56]. The engine load factors
and the emissions are shown in Table 3 [46,57]. All ships in port were driven by medium speed diesel
(MSDs) and used Low Sulphur Fuel Oil (LSFO) fuel (containing maximum 1.5% sulfur content by
mass, as required by EU Directive 2016/802/EU [58]) for their main engines. From the 21 ships found
at port, 14 used a diesel-electric engine configuration and seven were driven by diesel engines while
their auxiliary engines burnt medium speed diesel oil (MSD; 1% S). To calculate maneuvering time,
information on the destinations of the vessel was used to locate its position at berth, as Piraeus port has
dedicated berthing positions per destination. The entry to berth distance varied between 0.3 and 1.9 km
and the inbound speed was an average of 9.26 km/h and the outbound 14.82 km/h. Another 6 min
were added for docking and 3 min for undocking while an average time of 8h at berth was assumed
for each ship [30].

Table 3. Emissions factors for passenger ships at Piraeus port ([46,57]).

Engine Ship
Movement

Load Factor
Emission Factors (g/kWh)

NOx SO2 PM CO CO2

Main
Maneuvering 0.2 10.2 6.6 0.9 1.7 710.0

Berth 0.0 0.0 0.0 0.0 0.0 0.0

Auxiliary Maneuvering 0.6 13.5 4.3 0.3 1.61 690
Berth 0.3 0.0 4.3 0.3 1.61 690

The area and layout of Piraeus port is shown in Figure 2. The Tier III [46] approach was also
applied for the estimation of emissions from the container terminal of Piraeus, using data from Marine
Traffic [59], which provides the number and type of ships located in ports. Main engine power,
average cruise speed, average duration for in-port activities and emission factors were obtained from
EEA’s guidebook [46] (Table 4) depending on the type of ship and the fuel used.

Table 4. Emission factors for container ships in the port of Piraeus [46].

Ship Type Ship Movement Main Engine Emission Factors (g/kWh) Auxiliary Engine Emission
Factors (g/kWh)

NOX SO2 PM CO CO2 NOX SO2 PM CO CO2

LBC
M 13.3 12.1 2.4 1.6 710 13.3 12 2.1 1.6 884
B 13.3 12.1 2.1 1.6 884 13.3 12 2.4 1.6 710
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Table 4. Cont.

Ship Type Ship Movement Main Engine Emission Factors (g/kWh) Auxiliary Engine Emission
Factors (g/kWh)

NOX SO2 PM CO CO2 NOX SO2 PM CO CO2

DBC
M 14.3 11.7 2.4 1.6 688 13.8 12 1.5 1.6 706
B 13.8 12 1.5 1.6 706 14.3 12 2.4 1.6 688

C
M 14 11.8 2.4 1.6 696 13.7 12 1.5 1.6 710
B 13.7 12.1 1.5 1.6 710 14 12 2.4 1.6 696

GC
M 13.1 12 2.4 1.6 709 13.3 12 1.5 1.6 716
B 13.3 12.1 1.5 1.6 716 13.1 12 2.4 1.6 709

Ro-Ro
M 12.5 12.3 2.4 1.73 724 10 12 1.4 1.73 723
B 10 12.3 1.4 1.73 723 12.5 12 2.4 1.73 724

T
M 11 11.8 0.9 1.7 740 11.8 12 1.8 1.7 734
B 11.8 12 1.8 1.7 734 11 12 0.9 1.7 740

O
M 10.2 12.5 0.9 1.65 744 11.2 13 1.9 1.65 730
B 11.2 12.5 1.9 1.65 730 10.2 13 0.9 1.65 744

The dominant fuel/engine type was chosen for each ship category based on the percentages of
installed main engine power by engine type/fuel class found in the guidebook. The ship categories
present at the port during the week of simulation were liquid bulk carriers (LBC), dry bulk carriers
(DBC), containers (C), general cargo (GC), Ro-Ro cargo, tugs (T), and others (O). For all of them,
main and auxiliary engine load factor while maneuvering was 0.5. At berth, it was 0.2 for the main
engines, 0.6 for LBC’s auxiliary engines and 0.4 for all others’ auxiliary engines. Engines vary from
slow speed diesel (SSD) to medium speed diesel (MSD) and to high speed diesel (HSD) while fuel
types are either bunker fuel oil (BFO) or marine diesel oil–marine gas oil (MDO–MGO).

2.2.4. Industry

The European Pollutant Transform and Release Data Registry (E-PRTR) [60] contains industrial
activity data for the year 2016. A facility is required to report data under E-PRTR if it releases pollutants
that exceed thresholds specified for each medium—air, water, and land. The registry contains annual
data reported by more than 30,000 industrial facilities covering 65 economic activities within nine
industrial sectors: energy, production and processing of metals, mineral industry, chemical industry,
waste and waste water management, paper and wood production and processing, intensive livestock
production and aquaculture, animal and vegetable products from the food and beverage sector,
and other activities. For the area modeled, six facilities met the criteria and emissions were allocated to
grid cells using the coordinates of each facility (purple dots in Figure 2). Data required by the model
concerning stack height and stack diameter, exit velocity, and exit temperature of pollutants were
gathered from relevant sources [61,62].

2.3. Numerical Implementation

The steady-state CALPUFF modeling system was used for the calculation of concentration fields,
implementing WRF results to the CALMET meteorological preprocessor for detailed wind field data.
The GAA basin is surrounded by high mountains from the NE, NW, and SE and the sea from the SW
with winds blowing mainly from N-NE and SW. The chosen simulation period was representative of
typical winter conditions for domestic heating. Average temperatures and average absolute maximum
and minimum temperatures for February in Athens are (10.6, 22, 1.5) ◦C, respectively with an average
wind speed of 2.1 m/s [63]. For the examined period, the same temperatures were (9.98, 17.3, 4.1) ◦C and
the average wind speed was 5 m/s, i.e., typical temperatures and slightly stronger winds than average,
blowing towards the sea. The prevailing winds during the week of simulation (10–16 February 2018)
and gridded terrain elevation of the modeled area can be seen in Figure 3 [64].
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Figure 3. (a) Wind conditions (10–16 February 2018) and (b) local topography elevation for the GAA [64]
(North is in the +Y direction).

Emission source input for the modeling system was split into three different categories: six point
sources representing industrial facilities, 91 line sources representing the two national roads, and 64 area
sources. Each area source was 4.8 × 4.8 km2 in size, corresponding to the 64 subdomains of Figure 2.
One area source corresponded to the port of Piraeus while the rest represented sources of road transport
and residential heating. All sources were overlaid onto the computational domain, which consisted
of a uniform grid with square cells of 1.2 × 1.2 km2 in size. Point and line sources were allocated
directly to the computational grid but the larger area sources were uniformly distributed onto the
denser grid cells. Table 5 summarizes the estimated emissions in the modeled domain for all types of
sources. Emissions of CO2 were not modeled for the source category of residential heating due to lack
of emission factors data [46]. It should be noted that emissions from industrial sources are considered
underestimated since only industrial facilities which exceeded E-PRTR threshold were included.

Table 5. Summary of total emissions calculated in the present study for all source categories (tons/week).

Species Urban Roads Highways Residential Heating Navigation Industry

CO 1410.0 154.0 1850.0 1.2 82.4
NOx 256.0 116.0 102.0 9.1 83.0
SO2 0.5 0.1 96.2 3.3 76.4

PM10 26.6 7.6 384.0 0.3 5.1
CO2 124,000.0 20,300.0 not modelled 506.0 38,300.0

It can be seen from Table 5 that residential heating is a major source of emissions for CO,
SO2, and PM10. However, it should be kept in mind that this source is distributed throughout the
computational domain, as opposed, e.g., to industry and navigation which are much more concentrated
in specific areas and will significantly influence local concentration levels despite lower emission factor
values. In mass terms, the pollutant emitted the most in the GAA is carbon monoxide, formed mainly
from incomplete combustion of fuels, followed by nitrogen oxides. Road transport contributes to
the majority of CO emissions and to about half of the NOx that is emitted in the air. This is also in
agreement with EPA findings [65]. For PM emissions, residential heating dominates as an overall
source, which can be justified by the increasing use of wood as a combustion source during winter in
Athens [49] (Table 2).

Temporal resolution of the simulation was 1 h, corresponding to the available meteorological
data. Pollutant concentrations were estimated for all hours from the 10th to 16th February 2018
at 1024 gridded receptor positions. Chemical transformations were parameterized using the five
species scheme (SO2, SO4

=, NOx, HNO3, and NO3
-), as included in the MESOPUFF II default reaction

algorithm [26]. Pollutants’ estimated average concentrations were compared with the health-based
standards included in the European Directive 2001/81/EC [66] (Table 6).
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Table 6. Ambient concentration standards [66].

Pollutant Concentration Averaging Period

CO 10 mg/m3 maximum daily 8 h mean

SO2
350 µg/m3 1 h
125 µg/m3 24 h

NO2
200 µg/m3 1 h
40 µg/m3 1 year

PM10
50 µg/m3 24 h
40 µg/m3 1 year

2.4. Definition of Scenarios to Evaluate Impact of Building Energy Efficiency on Air Quality

In order to estimate the effects of building energy efficiency interventions on air quality in the
GAA, three different scenarios of implementation of the European Directive on Energy Performance of
Buildings [2] were investigated.

The Energy Performance of Buildings Directive [2] along with the Energy Efficiency Directive [67]
promote the improvement of energy performance of buildings within the EU. One of the goals of
the EPBD and its revision [2] is to promote the cost-effective renovation of existing buildings [68].
We focused on the existing building stock and priority was given to energy performance improvement
interventions related to the building envelope (thermal insulation of walls, windows, doors, ceiling, etc.)
and the equipment (more efficient heating, cooling systems, ventilation, etc.). The Greek Regulation on
the Energy Performance of Buildings (KENAK) has set energy class B as a minimum requirement in
energy performance for new buildings and buildings undergoing major renovations. According to
Greek law, a renovation is considered major when the total cost is higher than 25% of the value of
the building, excluding the land value upon which the building is situated [69]. For the GAA, it was
found [70] that 78.66% of the existing building stock is classified below energy class B. Based on a report
published by the Greek ministry for the environment [71], which studied different measures on the
existing building stock and calculated thermal and electrical energy savings for each, we formulated
three different renovation scenarios with their respective savings effects:

a. insulation of walls resulting in thermal savings ranging from 33% to 60%,
b. increase of boiler efficiency resulting in thermal savings up to 17%, and
c. replacement of fuel oil boilers with natural gas boilers resulting in thermal savings up to 21%.

Renovation scenarios were limited to buildings that do not belong to an acceptable energy
efficiency class, namely those from energy class H to C. We assumed an implementation rate of 20% as
an optimistic projection of the future, even though available information estimates a value that does
not exceed 3% [72].

3. Results

3.1. Validation

For validation purposes, we compared the estimated concentrations with available measurements
at three monitoring stations operated by the Ministry of Environment & Energy [73]. We chose
Patision St. in the center of Athens, monitoring CO, NO, NO2, and SO2, Nea Smyrni further south,
monitoring CO, NO, NO2, and PM10 and Agia Paraskevi to the north, monitoring NO, NO2, PM25 and
PM10 (Figure 4).
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Comparison of the results of the present simulation with measured values [73] included daily
time series of concentrations for the entire week of simulation and, for selected pollutants, hourly time
series during a specific day. Predictions of weekly and hourly time series are presented in Figures 5–7.
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Figure 7. Timeseries of measurements (orange) [73] and present calculations (blue) for (a) 24 h and
(b) 1 h average of PM10 concentration and (c) 24 h average of NOx concentration at Agia Paraskevi
Station (Figure 4).

The results (Figures 5–7) showed good agreement with Nea Smyrni NOx predictions (Figure 6b),
exhibiting the largest deviations from the monitoring station measurements. A possible explanation
is related to the sources due to road transport. Syggrou avenue, which passes through Nea Smyrni,
is one of the busiest roads in Attica and the estimation of its emissions was based on local population
data and not hourly traffic flow, which could justify the difference. Another point of discrepancy is
the concentration of NOx, possibly because it depends on chemical transformations that define the
NO2/NOx ratio, and are subject to a number of uncertainties. Although not visible in the present
validation results, we also expect some discrepancies near the industrial zones, to the south west of the
computational domain, as there is an information gap with regard to industrial pollutant emissions in
the GAA, also evident in other reports e.g., in the Industrial Inventory of AIRUSE Cities, which did not
include Greece due to lack of data [74].
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3.2. Distribution of Major Pollutants

Ground level spatial distributions of averaged pollutant concentrations for the entire period of
simulation are shown in Figure 8. Spatial distribution is presented in the form of colored contour
regions, overlaid on a map of the area.
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Figure 8. Contours of maximum local concentrations calculated in the present study and overlaid on
Google Earth imagery (Map data: Landsat/Copernicus, SIO, NOAA, U.S. Navy, NGA, GEBCO) for the
1 week simulation period, from all source categories (a) CO 8 h average (mg/m3), (b) NOx 1 h average
(µg/m3), (c) PM10 24 h average (µg/m3), and (d) SO2 1 h average (µg/m3).

Maximum concentrations of CO and PM10 (Figure 8a,c) are observed in central Athens,
which covers 35 out of the total 66 municipalities. The most polluted gridded areas in this source
category include Peristeri and Aigaleo (No 54), Patisia (No 56), the municipality of the City of Athens
(No 57) and finally Kalithea and Nea Smyrni (No 58), (numbering corresponds to subdomains of
Figure 2). These areas’ dwelling stock is among the highest in the GAA [18]. High values of NOx
concentrations (Figure 8b) can also be discerned in central Athens and along the major highway in
the SW-NE direction (Figure 2) while Piraeus Port (Figure 2) shows the highest concentration of SO2

(Figure 8d), due to the sulfur content of marine diesel fuel.
Proceeding beyond the current status, simulations were performed for the three building energy

efficiency improvement scenarios, using different emission rates for domestic heating sources each
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time, according to the expected thermal savings (see Section 2.4). The rate of implementation for each
scenario, assumed at 20%, was uniformly distributed throughout the simulation area. Table 7 shows
the area averaged emission rates before and after implementation of the three scenarios:

Table 7. Area averaged emission rates calculated in the present study for all sources before and (%)
decrease after each EPBD implementation scenario.

Building Energy Efficiency Scenarios

SO2 NOx PM10 CO

Emission Rate—Before Scenarios (g/s/m2)

1.59 × 10−2 1.33 × 10−5 3.05 × 10−5 2.82 × 10−4

Decrease—After Each Scenario [%]

a. Insulation of walls 0.004 5.054 8.314 4.316
b. Boiler Efficiency 0.001 1.134 0.018 0.018

c. Replacement of fuel oil with natural gas 0.008 3.830 0.110 0.049

a. Insulation of walls. Renovation of the residential building stock with available heating by
applying thermal insulation to the building envelope, regardless of the fuel or boiler type used in
their heating system. This measure is expected to result in a reduction of ~45% in buildings’ thermal
energy requirements [71], and therefore in fuel consumption for heating, regardless of the fuel type.
The resulting changes in pollutant emissions correspond to a maximum reduction in the area averaged
total emission rate from all sources of over 8% for PM10 (Table 7).

b. Boiler Efficiency improvement. The second scenario assumes an increase in boiler efficiency.
The potential for savings in thermal energy demand is 15% [71], which affects only the proportion of
houses using heating oil as a fuel source. Maximum reduction in the area averaged total emission rate
from all sources is just over 1% for NOx (Table 7).

c. Replacement of fuel oil with natural gas. In the third scenario, a switch from oil to natural
gas was assumed and thus a 20% reduction in buildings’ thermal energy consumption from oil [71].
Expected maximum reduction in the area averaged total emission rate from all sources is almost 4%
for NOx (Table 7).

As the emission rate (Table 7) is an area average, it is then multiplied by the population density
(as a fraction of the total population in the GAA) in order to define local emission rates for each grid
cell area (Figure 2). It should be noted that the decrease in the emission rates presented in Table 7 is the
basis for the subsequent calculation of the pollutant concentrations and does not necessarily reflect
the change in these concentrations. Variations in population density interact with topography and
weather conditions in the dispersion modeling phase (CALPUFF) to give the resulting ground level
concentrations. The most notable reductions in ground level maximum concentrations were 8.76%
for the PM10 24 h average and 5.11% for the CO 8 h average concentration for the wall insulation
scenario (a) and 1.2% for the SO2 1 h average concentration for the replacement of fuel oil to natural
gas (c) scenario. These values are higher than the decrease presented in Table 7 and this should
be attributed to the combined effects of population density distribution (which affects emission
source distribution), topography and meteorology. The effects on ground level concentrations when
implementing boiler efficiency scenario (b) were insignificant (<0.5%). In the case of PM and SO2,
the maximum concentration values were well above the limits recommended by the EU directive [66]
and this indicates that there are also other locations within the GAA where these limits are exceeded.

As previously stated, highways, and especially Piraeus Port, are strong localized sources of
NOx and PM10 and the port is the major contributor to SO2 in its vicinity. On the other hand,
residential heating is distributed throughout the GAA and, in addition to overall area maximum values,
energy efficiency measures will also influence local concentration levels that may also be significant.
However, examining local value variations can be misleading without taking into account the absolute
concentration values since large percentile variations may appear for very low local concentrations.
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To overcome this, we focused only on local concentration values that were larger than an arbitrarily
chosen value of one tenth of the maximum, i.e., Cmax/10. Results are presented in Figure 9.
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Figure 9. (a) Maximum reduction of local concentration values, for implementation of the three energy
efficiency scenarios and (b) locations where notable maximum local reductions occur with respective
pollutant and scenario noted next to each location. (map is modified from GoogleMaps).

The effects on CO are generally small to insignificant and, in any case, the maximum values are
well below the limit. Although overall maximum NOx concentrations in the GAA are not affected by
the energy efficiency scenarios, this is because localized sources such as Piraeus port and highways are
the main emitters. However, at a local level, there are areas with NOx concentration levels well above
the limit where a 2–3% reduction is observed (Figure 9). For PM10, there are still significant reductions
of ~9% with the wall insulation scenario (a) for local 24 h average values down to ~30 µg/m3, which is
still close to the 50 µg/m3 limit and therefore non-negligible for air quality considerations. This occurs
in the northern part of the area, as indicated in Figure 9b. The case of the SO2 1 h concentration values
is also notable. Although reductions in the range of only ~1% were observed for area maximum
values, this is due to the limited domestic heating contribution in the port area, where ship emissions
dominate and the GAA maximum appears. However, there are densely populated neighborhoods
(see Figure 9b) where domestic heating is the main source of SO2 and wall insulation leads to a 9%
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reduction and conversion to natural gas leads to a 19% reduction in ambient SO2 concentration levels.
These are areas with local 1 h average SO2 concentration values of ~230 µg/m3, very close to the limit of
350 µg/m3 [66] and therefore highly relevant to air quality. Although NOx reductions are smaller, it is
notable that the location of maximum reduction coincides with that for SO2 (Figure 9b). Benefits from
the improvement in boiler efficiency (Scenario b) are limited. Contour maps of the overall effects on
concentration distributions for PM10 and SO2 are presented in Figure 10; Figure 11.
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Figure 10. 24 h average PM10 concentration levels calculated in the present study and overlaid
on Google Earth imagery (Map data: Landsat/Copernicus, SIO, NOAA, U.S. Navy, NGA, GEBCO)
(a) before implementation of building energy efficiency scenarios, (b) after implementation of scenario
a. with wall insulation (location of maximum local reduction is indicated), and (c) after implementation
of scenario c. involving substitution of heating oil with natural gas.
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Figure 11. 1 h average SO2 concentration levels calculated in the present study and overlaid on
Google Earth imagery (Map data: Landsat/Copernicus, SIO, NOAA, U.S. Navy, NGA, GEBCO)
(a) before implementation of building energy efficiency scenarios, (b) after implementation of scenario a.
with wall insulation (location of maximum local reduction is indicated), and (c) after implementation of
scenario c. involving substitution of heating oil with natural gas (location of maximum local reduction
is indicated).

Figure 10 shows the higher concentration of PM10 in the densely populated urban area, where the
largest contribution is from wood burning for residential heating. The wall insulation scenario
(Figure 10b) directly reduces heat losses and therefore heating requirements, affecting all heating
sources, including wood burning. Scenarios (b) and (c) improve efficiency but only for oil type heating
sources, leaving wood burning intact and thus leading to minimal effects on PM10 (Figure 10c). For SO2,
Figure 11 shows that higher values appear near the port, where ship navigation contributes due to fuel
sulfur content. However, there are high concentration levels within the urban area of central Athens
as well and building energy efficiency measures directly affect these. The wall insulation scenario
(Figure 11b) reduces energy demand, but this happens equally for all fuel sources. When heating oil
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is substituted with natural gas, SO2 emission per unit energy demand is reduced by two orders of
magnitude (Table 2) and the effect on SO2 concentration levels in the urban area of central Athens is
pronounced (Figure 11c).

4. Discussion

The building sector is universally regarded as a major contributor to total energy consumption.
As such, it has been the target of several energy policies and legislative interventions. Although reducing
energy consumption is in itself a worthwhile target, it is directly and closely linked to environmental
issues such as atmospheric pollution. In dense urban areas, atmospheric pollution and air quality are
significant parameters connected to good health and well-being and sustainable cities and communities,
among the other UN sustainable development goals [75]. The Greater Athens Area (GAA) in Greece is
a characteristic example of a dense European city with diverse sources of air pollution. As a case study,
it could provide insight into the general effects of energy efficiency measures on air quality.

This study estimated spatial and temporal variations of emissions and concentrations of select air
pollutants in the GAA during a typical heating week, in February 2018. Pollutant sources included
domestic heating, urban transport and highways, port navigation, and major industrial facilities.
Validation with measurements at several points throughout the GAA was acceptable and the developed
model was then used to assess the effects of selected building energy efficiency measures on pollutant
ground level concentration level. Three scenarios of energy efficiency measures were taken into
consideration, based on the European Energy Performance of Buildings Directive, which has been in
effect for over a decade throughout Europe and has been recently amended [2]. However, since new
construction of buildings is very limited, great effort is still required to upgrade the existing building
stock with new technology and, furthermore, effects on air quality have not been extensively discussed.
To this end, three EPBD based scenarios were examined: application of insulation to building walls,
increased boiler efficiency and replacement of fuel oil with natural gas. In all cases, an implementation
rate of 20% was assumed uniformly across the GAA.

From the results, it seems that the maximum values in the area are moderately affected by the
scenarios that were examined with reductions in area maximum pollutant concentrations reaching ~8%.
However, when looking at local values across the simulation area, there are several neighborhoods
where local reductions are significantly higher than the reduction in the GAA maximum. It is notable
that several of these areas are characterized by high levels of pollutant concentration, even though they
may not be the GAA maximum. Building energy efficiency measures affect pollutant sources (buildings)
that are distributed throughout the urban area, as opposed to an industry or a port, which are more
singular, point sources. Therefore, interventions to buildings affect sources whose locations are more
likely to coincide with regions of adverse topography, weather conditions or urban density.

It was found that the most efficient measure to reduce PM10 concentrations locally (by over
9%) was the wall insulation scenario as it directly reduces heat losses and wood burning, which has
recently become a major source of urban particulate matter in the winter [76]. On the other hand,
although sulfur emissions from marine fuel burning dominate as the maximum source of SO2 in whole
GAA, they are found in the vicinity of the port and are relatively insensitive to emissions from domestic
heating. However, there are areas far from the port that also exhibit high levels of SO2 concentrations,
close to European limits for human health [66], due to burning of domestic heating oil. These were
found to be highly responsive to switching to natural gas with local reductions of ~19%. This reduction
is very close to the implementation rate of 20% for this measure, indicating that in these neighborhoods,
domestic heating oil may be the main source of SO2 emissions.

5. Conclusions

As discussed in many previous studies (see, e.g., in [6–9]), air pollution is highly dependent on
local topography and weather but it is reasonable to expect that the reliability of any scenario simulation
will depend on the accuracy and details of the respective inputs (see also [14–16]). In the present study,
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the complex topography (mountainous and coastal surroundings) was directly taken into account
through digital elevation maps and detailed hourly weather input, provided by a numerical weather
simulation model. This permitted the simulation to be performed at a horizontal spatial resolution of
the order of ~1 km2 and validation against measurements proved to be successful.

When analyzing urban air pollution at a high spatial resolution, it is important to take into
account local parameters such as local topography, microclimate and building geometry, vegetation,
etc. Although the present model attempted to include topography and mesoscale meteorology,
microclimate and building geometry effects could not be included due to limitations of the methodology.
Microscale simulations with CFD and their coupling with mesoscale data would probably be the
optimal choice, provided the computational cost could be managed. Furthermore, the present study
was limited to a representative winter week for the simulation. Given the well documented reliance of
the results on weather, an extension to other weather conditions is considered imperative.

With regard to the emission rates used in the modeling system, these were estimated based on
emission factors, population, port arrival, and traffic data as well as engineering estimates. Due to data
scarcity, emissions from industrial facilities should be considered underestimated: from the total of
~760 registered industrial facilities in Athens [77], only six were required to report their emissions [60].
However, most of these sources are located in the western part of the GAA, far from the more densely
populated areas, and are not expected to significantly alter the conclusions of the study. On the other
hand, the port is a large emission source but the number of passengers or the freight volume per
ship for the estimation of port emissions were not considered as they were not available from port
authorities. Moreover, vehicle emissions from all urban roads could not be modeled using realistic
traffic counts, since this would require data availability for all main GAA streets, accompanied by a
high computational cost. Instead, the urban road emissions estimation was population-based and
thus underestimated in the case of very busy avenues. Finally, for the small combustion sector, it was
assumed that energy consumption does not differ between households and sources were classified
based on technology-specific emission factors for various fuels. These assumptions may introduce
non-negligible uncertainties in the calculation procedure but they arise mostly from the absence of
detailed data rather than shortcomings of the calculation procedure itself.

In spite of the limitations described above, validation of the methodology against measurements
proved to be adequate and thus the subsequent investigation can be considered more than an indication
that building energy efficiency measures can make a substantial impact on urban air quality. However,
it should be kept in mind that this impact depends on the other sources in the area and on the type of
measure. A strong local source such as an industry, or the port in the present case, will probably override
any positive impact coming from pollutant reduction from building domestic heating. This effect
can be localized though, so that the same building energy efficiency measure may result in a marked
impact not too far away. This was shown here when higher reductions in local concentration levels
were found compared to GAA area averaged values or insensitivity in other locales. This suggests
that building energy efficiency policies could be more effective if applied at high spatial resolution,
targeting areas where other high intensity sources are not present. Prioritizing the most influential
source is an important aspect for obtaining high impact from these measures.

In any case, the results are relevant to the EU-wide targets posed by the 2030 climate and energy
framework [78]. In order for countries to move towards a climate-neutral economy, it is necessary to
optimize infrastructures and urban planning and also incorporate new energy policies that will engage
the public. In the scope of the European Climate Pact [79], people are encouraged to reduce their
greenhouse gas emissions through raising awareness of the environmental impacts of energy consuming
services in selected areas, such as buildings. Support for knowledge/capacity-building is envisaged
through stimulating advisory services, facilitating smart financing and assisting local authorities for
energy efficient housing [67]. The results of the present study, for Athens, quantitatively underline the
fact that energy efficiency measures for buildings can also contribute beneficially to air quality over
urban centers with similar characteristics. The complex interaction between emission source spatial



Energies 2020, 13, 5689 19 of 23

distribution, local topography, and weather leads to effects that may not be obvious when looking only
at maximum values over a large area. Even at low levels of implementation, such as the 20% examined
here, certain energy efficiency measures can make significant improvements in local air quality.
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Abbreviations

Acronym Definition
BFO Bunker Fuel Oil
CALPUFF California Puff

CFD Computational fluid dynamics
CHP Combined Heat and Power
DBC Dry Bulk Carriers
EEA European Environment Agency
EMEP European Monitoring and Evaluation Program
EPA Environmental Protection Agency
EPBD Energy Performance of Buildings Directive
E-PRTR European Pollutant Transform and Release Data Registry
GAA Greater Athens Area
GFS Global Forecasting System
GHG Greenhouse Gas
HSD High Speed Diesel
LBC Liquid Bulk Carriers
LSD Low-Speed Diesel
LSFO Low Sulphur Fuel Oil
MDO Marine Diesel Oil
MGO Marine Gas Oil
MSD Medium Speed Diesel
NCAR National Center for Atmospheric Research
NCEP National Centre for Environmental Prediction
NWP Numerical Weather Prediction
PM Particulate Matter
Ro-Ro Roll on-Roll Off

UCM Urban Canopy Model
UTCI Universal Thermal Climate Index
UWG Urban Weather Generator
WRF Weather Research and Forecasting
YPEKA (Greek) Ministry for the Environment, Energy and Development
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