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a b s t r a c t

This work presents the results of the development and application of the High-Elective
Resolution Modelling Emission System (HERMES). HERMES generates the emissions for
Spain needed for the application of high-resolution chemistry transport models, taking the
year 2004 as reference with a temporal resolution of 1 h and a spatial resolution of 1 km2

considering both anthropogenic (power generation, industrial activities, on-road traffic,
ports, airports, solvent use, domestic and commercial fossil fuel use) and biogenic sources
(vegetation), using a bottom–up approach, up-to-date information and state-of-the-art
methodologies for emission estimation. HERMES is capable of calculating emissions by
sector-specific sources or by individual installations and stacks. The annual addition of
hourly sectorial emissions leads to an estimation of total annual emissions as follows: NOx,
795 kt; NMVOCs, 1025 kt; CO, 1236 kt; SO2, 1142 kt and TSP, 180 kt; which are distributed
principally in the greater areas of the main cities, highways and large point sources. NOx,
SO2 and PM2.5 highly correlate with the power generation by coal use, achieving higher
emission levels during summertime due to the increase of electricity demand by cooling
systems. NMVOCs show high correlation with temperature and solar radiation (mainly as
a consequence of the important weight of biogenic emissions) causing the maximum
emissions during the daylight hours of summer months. CO emissions are mostly influ-
enced by the on-road traffic; consequently the higher emissions are attained in summer
because of the increase of daily average traffic during holidays. The most significant total
emission sources are on-road traffic (38%), combustion in power generation plants (33%),
biogenic sources (12%) and combustion in manufacturing industries (9%). The inventory
generated with HERMES emission model has been successfully integrated within the
Spanish Ministry of the Environment’s air quality forecasting system (Caliope project),
being the emission core for the validation and assessment of air quality simulations in
Spain.

� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Emissions models are mathematical representations of
the pollutants emitted directly from sources and constitute
an essential tool for policy, regulatory and scientific
purposes in topics related to air quality (Parra et al., 2006;
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Jiménez-Guerrero et al., 2008) and climate change (Unger
et al., 2008) due to a direct relationship between the air
pollutants and the environmental problems, which also
represent an important health risk (Carnevale et al., 2006;
Saamali et al., 2007). For this reason, the amount calcula-
tion of pollutants released in a given area during a certain
period of time is the basic tool for decision makers to
identify highly polluted areas and take action to reduce
emissions (Economopoulos, 1993; Baldasano, 1998).

Up-to-date, most emission models are characterised by
annual calculation periods, are referred to a territory
limited by national administrative borders and require the
use of predefined methodologies. This approach is usually
based on aggregated-statistical methodologies (top–down
approach) (Tuia et al., 2007). In the case of Europe, the
EMEP/CORINAIR estimates emissions for a pan-European
domain with a spatial resolution of 50 km � 50 km on an
annual basis (Vestreng et al., 2005), according to 11 source
categories. However, for high-resolution air quality
modelling purposes, there are recognised limitations in the
EMEP inventories and their spatial and temporal resolution
needs to be improved.

During the last years the scientific knowledge and the
feasible access to the information have significantly
increased, allowing the use of better emission models and
quality emission factors, comprising more activities and
information data. Thus, when developing emission models
for high-resolution air quality management or modelling,
a high spatial, temporal and chemical disaggregation is
required in order to accurately characterise the variety of
emission sources (bottom–up approach) (Colvile et al.,
2001; Kannari et al., 2007).

Currently, there is a remarkable tendency in the
different states towards the development of high-resolu-
tion emission models (1 km2) following bottom–up
approaches. For example, in Europe the United Kingdom
has developed the National Atmospheric Emissions
Inventory (NAEI, 2007) taking the year 2005 as reference.
EMICAT (Parra et al., 2006) estimates the primary air
pollutants for Catalonia (Spain) for the year 2000; and
ESCOMPTE program (Cros et al., 2004; François et al., 2005)
estimates emissions over the Marseille area in southeastern
France for the year 1999 (annual values) and for the
summers of 2000 and 2001 (hourly values). Outside
Europe, Kannari et al. (2007) estimate an inventory with
hourly and 1 km2 resolution for the year 2000 in Japan.
Several efforts have been also carried out to estimate
emissions on scales covering counties, departments or
municipalities (e.g. Streets et al., 2003; Chang et al., 2007;
Monteiro et al., 2007; USEPA, 2008; among others). All this
information is comprised in Table 1.

In the particular case of Spain, its complex topographic
conditions, land use variation, the influence of a great
number of climatic variables (surface and soil temperature,
humidity, etc.) and the complex pattern of both natural and
anthropogenic emissions are driving forces mechanisms on
air pollutants dispersion and transformation (Jiménez et al.,
2006). Therefore the development and use of specifically-
developed emission models that take into account these
particularities with very high spatial and temporal resolu-
tion (1 km2 and 1 h) is necessary.
Under this framework, the BSC-CNS has developed the
High-Elective Resolution Modelling Emissions System
(HERMES) to generate the emission inventory in Spain,
taking the year 2004 as the reference period. HERMES
compiles the progress on emission modelling of the Envi-
ronmental Modelling Laboratory of the Technical Univer-
sity of Catalonia (UPC) (Costa and Baldasano, 1996; Gomez
and Baldasano, 1999; Delgado et al., 2000; Arévalo et al.,
2004; Parra et al., 2004, 2006; among others). HERMES
estimates the atmospheric emissions with a temporal
resolution of 1 h and a spatial resolution of 1 km2 and
generates results according to the European Environmental
Agency’s Selected Nomenclature for Air Pollution (SNAP),
which is the official activity classification system applied by
the European Commission in the CORINAIR emission
inventory. Furthermore, HERMES has the capacity of pre-
senting results according to individual installation, indus-
trial activities, land use classification or type of pollutants
or process (fugitive, evaporative, hot or cold emissions).

Some of the characteristics of HERMES are: (1) use of
up-to-date information; (2) use of emission estimation
methodologies compiling the state-of-the-art in different
sectors and activities; (3) definition of the emission
patterns coming from primary gaseous and particulate
pollutants (including precursors of tropospheric ozone and
secondary aerosols) together with greenhouse gases
emissions; (4) selective chemical speciation of emissions.
The chemical mechanisms currently included in HERMES
are the Carbon Bond-IV (Gery et al., 1989) and MELCHIOR2
(Derognat et al., 2003); (5) capability of generation of
graphic and alphanumeric information with very high-
resolution; (6) development of the model following
a quality protocol that guarantees the reliability of the
results; (7) implementation of the emission methodologies
for their easy revision and actualisation; and (8) combi-
nation of emissions from different sources to perform
sensibility analysis or to study the sectorial contribution of
each source to the emissions.

This work describes the detailed methodologies and
approaches of HERMES, together with a deep discussion of
the results for the emission inventory of Spain for the year
2004. HERMES is capable of estimating the emissions for
Spain with a spatial resolution of 1 km � 1 km and
temporal resolution of 1 h for chemistry transport model-
ling applications. Furthermore, the model constitutes the
emission core of the operational air quality forecasting
system for Spain developed under the Caliope project
funded by the Spanish Ministry of the Environment (http://
www.bsc.es/caliope), whose operational domain corre-
sponds to Europe (5736 km � 4776 km), the Iberian
Peninsula–Balearic Islands (1596 km � 1596 km) and Bar-
celona–Madrid Greater Areas (146 km � 146 km) with
a spatial resolution of 12 km, 4 km and 1 km, respectively
(Fig. 1). Hence, the results and discussion presented in this
work for HERMES emissions are referred to the operational
domain set for Spain in order to validate the Caliope air
quality simulations (Baldasano et al., 2007; Jiménez-Guer-
rero et al., 2007).

HERMES has been implemented in a high-performance
parallel machine such as the MareNostrum supercomputer
hold by the BSC-CNS where the Caliope system is

http://www.bsc.es/caliope
http://www.bsc.es/caliope


Table 1
Summary of emission inventories

Emission
inventories

Sources Emission sources Compounds included Temporal
resolution

Spatial resolution Use

GLOBAL SCALE
EDGAR 32FT2000 van Aardenne

et al., 2005
Anthropogenic NOx, NMVOC, CO, SO2, CO2, CH4, N2O, CFCs, HFCs, PFCs, SF6 Annual, 2000 Global, 1� � 1�

(approx
10,000 km2)

Regulatory,
scientific

GEIA GEIA/ACCENT, 2005 Anthropogenic and
natural

NOx, NMVOC, CO, SO2, NH3, CO2, CH4, N2O, HFCs, PFCs, MFC,
Pb, Hg

Annual, seasonal,
and monthly, 1990

Global, 1� � 1�

(approx
10,000 km2)

Regulatory,
scientific

UNFCCC UNFCCC, 2008 Anthropogenic CO2, CH4, N2O, HFCs, PFCs, SF6, NOx, NMVOC, CO, SO2 Annual, 1990–2005 Tabulated for the
involved countries

Regulatory

POET Granier et al., 2005 Anthropogenic and
natural

CO, NOx, C2H4, C2H6, C3H6, C3H8, CH3OH, Acetona, Isoprenos,
Terpenos

Annual and
monthly,
1990–2000

Global, 1� � 1� Regulatory,
scientific

RETRO Schultz et al., 2007 Anthropogenic CO, NOx, alcohols, C2H4, C2H6, C3H6, C3H8, butanes,
pentanes, hexanes, methanol, other alkanes, acids,
chlorinated hydrocarbons, ethers, esters, ethyne, toluene,
benzene, xylene, other aromatics, ketones, other VOC,
trimethylbenzene, N2O, NH3, BC, OT, TC, PM2.5, TPM

Monthly,
1960–2000

Global, 0.5� � 0.5� Regulatory,
scientific

GFED v.2 van der Werf et al.,
2006

Biomass burning CO2, CH4, C, CO, NOx, N2O, H2, BC, OC, PM2.5, TPC, TC Monthly,
1997–2006

Global, 1� � 1� Scientific

REGIONAL SCALE
EMEP/CORINAIR EEA, 2007 Anthropogenic and

natural
NOx, NMVOC, CO, SO2, NH3, 9 heavy metals, 10 POPs, PM2.5,
PM10, TSP

Annual, Official
European
inventories
1980–2005

Europe,
50 km � 50 km
(2500 km2)

Regulatory,
scientific

TNO/CEPMEIP CEPMEIP, 2008 Anthropogenic PM2.5, PM10, TSP Annual, 1995 Europe,
50 km � 50 km
(2500 km2)

Regulatory

GENEMIS/
EUROTRAC2

Friedrich and Reis,
2004

Anthropogenic and
biogenic

NOx, NMVOC, CO, SO2, NH3, PM2.5, PM10, TSP Annual, 1998 Europe,
50 km � 50 km
(2500 km2)

Scientific

EPER Pulles et al., 2007 Industrial
emissions

NOx, NMVOC, CO, SO2, NH3, PM10, CO2, CH4, N2O, PFC, HFC,
SF6

Annual, 2001 Europe, by country
and geographical
coordinates

Regulatory

ABBI Asia Michel et al., 2005 Biomass burning CO, NO2, NO, CO2, CH4, SO2, ethane, ethene, propane,
propene, butanes, butenes, methanol, ethanol,
formaldehyde, aldehydes, acetone, ketones, etc.

Daily, March–May
2000 and
March–May 2001

Asia, 1� � 1� Scientific

REAS Asia Ohara et al., 2007 Anthropogenic CO, NOx, CO2, Annual, 1980–2020 Asia, 0.5� � 0.5� Regulatory,
scientific

REGIONAL TO LOCAL SCALE
NEI USEPA, 2008 Anthropogenic NOx, COV, CO, SO2, NH3, PM2.5, PM10 Annual, 2002 United States, by

county
Regulatory,
scientific

NAEI Dore et al., 2007 Anthropogenic and
natural

NOx, NMVOC, CO, SOx, NH3, PM10, CO2, CH4, N2O Hourly, 2005 United Kingdom,
1 km2 � 1 km2

Regulatory,
Scientific

CITEPA Chang et al., 2007 Anthropogenic and
natural

COV, NOx, CO Annual, 2005 France Regulatory,
scientific

EAGrid2000 Kannari et al., 2007 Anthropogenic and
natural

SO2, NOx, NMVOC, NH3, CO, PM10 Hourly by month,
from April 2000–to
March 2001

Japan Scientific

(continued on next page)
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integrated. The computational implementation of HERMES
consists of two well-differentiated parts: (1) calculation;
and (2) data management (both input and output). The
calculation part is fully developed in C programming
language and is run under a supercomputing framework.
The pre-processing of data and cartography edition, as well
as the management of operational data and analysis of
results is performed through ESRI ArcGIS 9.2 Geographic
Information System (GIS).

2. Methodology

The general framework of HERMES is illustrated in Fig. 2
where the base information, emission computation and
output information are showed. HERMES considers the
emissions from the following sources: (1) power genera-
tion plants; (2) industrial installations (plus waste incin-
eration, which follows the same calculation methodology);
(3) domestic and commercial fossil fuel use; (4) domestic
and commercial solvents use; (5) road transport; (6) ports;
(7) airports; and (8) biogenic emissions. The model uses
a bottom–up approach except for domestic and commercial
fossil fuel use, where a top–down approach was adopted
and regional emissions were allocated to fine grid cells by
surrogate indexes.

HERMES considers as primary air pollutants nitrogen
oxide (NOx), non-methane volatile organic compounds
(NMVOC), carbon monoxide (CO), sulphur dioxide (SO2),
total suspended particles (TSP) and particulate mater (PM10

and PM2.5). For power generation, industrial sources, use of
fossil fuels by residential and commercial sectors and road
transport the following greenhouse gases (GHG) have been
estimated: carbon dioxide (CO2), methane (CH4) and
nitrous oxide (N2O).

The domain of HERMES covers the entire Spain, dividing
the territory in squared cells of 1 km2. The temporal resolu-
tion is 1 h and the baseline data correspond to the year 2004.

All this methods and steps have been implemented
under a QA/QC protocol. In this sense, a qualitative evalu-
ation of the uncertainty through the Data Attribute Rating
System (DARS) (USEPA, 2003) as adapted by Parra (2004)
has been carried out in Table 2, which also summarises the
origin of the information used in the estimation of emis-
sions for each of the aforementioned sectors. DARS clas-
sifies in a scale ranging from 1 (worst estimation) to 10 (best
estimation) different attributes of the emission factors and
the parameters used as base information to determine the
activity. The attributes analysed are: (1) measurement
method, referring to the qualification of the emission
factors or base parameters, according to the measurement
method used for their estimation; (2) spatial congruency,
which establishes the representation of the emission factor
or the activity parameter to the case of Spain; and (3)
temporal congruency, qualifying the representation of the
emission factor or the activity parameter throughout the
year. For each attribute, the average of the qualification of
the base activity parameters is obtained multiplied by the
corresponding qualification for the emission factors. Finally,
to quantify the quality of the emissions, the average is
obtained for the multiplication of the three attributes
analysed. This system identifies the aspects related to the



Fig. 1. Emissions for the 08 UTC, July 3, 2004, implemented within the Caliope air quality forecasting system: Europe (derived from EMEP and disaggregated to
12 km resolution, up); Iberian Peninsula (4-km resolution; estimated by HERMES for Spain and derived from EMEP for France, Portugal and maritime emissions
and disaggregated to 4 km; centre); and Madrid (down-left) and Barcelona (down-right) Greater Areas (calculated with HERMES).

J.M. Baldasano et al. / Atmospheric Environment 42 (2008) 7215–7233 7219



Fig. 2. Scheme of the methodology followed in the HERMES emission model framework.
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base information and the emission factors that can be
improved to obtain more accurate inventories. According to
the information reported in Table 2, the most accurate
module is on-road transport (78.1/100) followed by power
generation plants (72.3/100), mainly because of the accu-
rate information regarding emission factors, activity factors,
temporal and spatial distribution (high quality of the base
information). The modules containing the largest



Table 2
Summary of the information sources and methodology used within HERMES emission model

Activity/module Quality of
emission

Information sources Methodology

Airports emissions by
LTO cycle (<1000 m)

67.3 Emission factors: EMEP/CORINAIR (2005), USEPA (2005). Number of
operations by plane type

EMEP/CORINAIR
(2005)

Ports 62.0 Emission factors: Techne (1998) and USEPA (2000). Number of incomings
and exits from each port. Time for manoeuvring: USEPA (2005). Temporal
disaggregation of emissions: EMEP/CORINAIR (2005)

Techne (1998)

Biogenic 47.4 Emission factors: Gómez and Baldasano (1999) adapted by Parra et al. (2004,
2006). Land use: CORINE Land Cover 2000 map starting with a resolution of
100 m, and adapting to 22 the land-use categories according to Arévalo et al.
(2004). Meteorological data: WRF simulations for the year 2004 (Jorba et al.,
2008); foliar biomass density: Parra et al. (2004, 2006)

Guenther et al.
(1995) adapted by
Parra et al. (2004,
2006)

Domestic and commercial
fossil fuel use

50.7 Emission factors: USEPA (2002); population density: Spanish National
Statistics Institute (personal communication); activity factor: Spanish
Ministry of Industry, Tourism and Trade (personal communication);
temporal disaggregation: Costa and Baldasano (1996); Parra (2004)

USEPA (2002)

Domestic and commercial
solvents use

49.3 Emission factors: EEA (2002). Population density: Spanish National Statistics
Institute (personal communication); Activity data: Ministry of Industry,
Tourism and Trade (personal communication, 2005); Temporal
disaggregation: Parra (2004)

EEA (2002)

On-road transport 78.1 Emission factors: Ntziachristos and Samaras (2000). Measured daily average
traffic: different Spanish Governmental Authorities (Central Government,
Autonomous Communities, individual cities). Fleet composition: speed
data: Tele Atlas Multinet� 2005. Meteorological data: WRF simulations for
the year 2004 (Jorba et al., 2008). Temporal information: Parra (2004); Parra
et al. (2006)

COPERT III
(Ntziachristos and
Samaras, 2000)

Power generation plants 72.3 Emission factors: EEA (2004); USEPA (1996a,b,c,d, 2003); and Spanish
National Office of Emission Control for Large Combustion Facilities (OCEM-
CIEMAT). Activity data: Ministry of Industry, Tourism and Trade (personal
communication, 2005). Temporal disaggregation: OMEL (2005a,b)

EEA (2004) and
USEPA (2003)

Waste incineration 63.0 Emission factors and activity data: AEVERSU (2005). Minute information of
measured emissions provided by XEAC (Catalonia Government, personal
communication)

EEA (2004) and
USEPA (2003)

Industrial
installations

Ceramic Tile 44.7 Emission factors: EEA (2004); USEPA (1996d). Activity factor: data for
production, invoicing and CO2 emissions for different years. Location:
ARDAN (2005); constant temporal profiles for production and temporal
disaggregation

EEA (2004); USEPA
(1996a,b,c,d, 2003)

Lime 35.0 Emission factors: EEA (2004); USEPA (1996b); TNO (1995a). Activity factor:
Spanish Ministry of the Environment Plan for the Assignment of GHGs
emissions. Location: ARDAN (2005); constant temporal profiles for
production and temporal disaggregation

Power
co-generation

43.7 Emission factors: EEA (2004); USEPA (1996a,b,c). Activity data and temporal
disaggregation: Ministry of Industry, Tourism and Trade (personal
communication)

Concrete and
cement

56.0 Emission factors: EEA (2004); TNO (1995b). Activity factor: total production
of the sector for the year 2003. Location: EPER project; Constant temporal
profiles for production and temporal disaggregation

Enamel and frits 46.7 Emission factors: EEA (2004) and USEPA (1997). Activity factor: Spanish
Ministry of the Environment Plan for the Assignment of GHGs emissions.
Location: ARDAN (2005); constant temporal profiles for production and
temporal disaggregation

Paint 56.0 Emission factors: EEA (2004). Activity factor: Spanish Ministry of the
Environment Plan for the Assignment of GHGs emissions. Location: ARDAN
(2005); Constant temporal profiles for production and temporal
disaggregation

Paper and pulp 51.3 Emission factors: USEPA (1983). Activity factor: ARDAN (2005). Location:
ASPAPEL (2005); constant temporal profiles for production and temporal
disaggregation

Refining 55.7 Emission factors: EEA (2004); USEPA (1996a). Activity factor: real
production of the sector for the year 2004 reported by OILGAS. Temporal
congruency based on the information by CORES reporting different monthly
emissions

Tiles and brick 44.7 Emission factors: EEA (2004); USEPA (1996c). Activity factor: Spanish
Ministry of the Environment Plan for the Assignment of GHGs emissions.
Location: ARDAN (2005); constant temporal profiles for production and
temporal disaggregation

Glass 46.7 Emission factors: EEA (2004). Activity factor: Spanish Ministry of the
Environment Plan for the Assignment of GHGs emissions. Location: ARDAN
(2005); constant temporal profiles for production and temporal
disaggregation

J.M. Baldasano et al. / Atmospheric Environment 42 (2008) 7215–7233 7221
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uncertainty are those related to industrial installations
(lime, 35.0/100 because of the large uncertainty in the
emission factors and the lime production; and power co-
generation, 43.7/100 since of the temporal congruency-
data available for the year 2003 and not 2004).

2.1. Power generation

The emissions inventory considers 58 power generation
installations with 196 generator groups, for which total
emissions are calculated after Eq. (1).

EjðannualÞ ¼ EFj$AF (1)

where Ej(annual), represents the annual emissions of
j pollutants in each source, AF is the activity factor on an
annual basis, which can be energy consume, electricity
generated or production, and EFj is the emission factor of
j pollutant, which is related to the activity factor. The
emission factors were chosen mainly from EEA (2004) and
USEPA (2003) and corrected by using the measured
emission data provided by the Spanish National Office of
Emission Control for Large Combustion Facilities (OCEM-
CIEMAT) in the cases of power generation plants, where
there was information available related to NOx, SO2 and TSP.
For five generator groups in Catalonia (northeastern Spain)
the hourly measured emissions record has been used
according to the emission network monitoring of the Envi-
ronmental Department of Catalonia Government (XEAC).

The hourly, daily and monthly emissions are calculated
according to the power production profiles for 2004,
reported in OMEL (2005a),(b). The emissions are spatially
assigned to the coordinates and to the height where they
are produced.

2.2. Industrial sources

The emissions inventory considers 1615 sources in
Spain; including refineries, cement, lime, paper-mill
industry, glazed ceramic, bricks and tiles, glass, paint
manufacturing and chemical industry. Because of the
diversity and complexity of these industrial activities, the
hourly, daily and monthly emissions are calculated through
temporal factors, which are estimated considering the daily
operational time specific for each industrial sector. As in the
case of power generation, the emissions are spatially
assigned to the coordinates and to the height where they
are produced.

For all the industrial activities the total emissions were
calculated separately considering emissions related to the
combustion and the industrial processes themselves,
according to Eq. (1). Waste incineration is included here
since emissions are calculated following this methodology.
The emission factors were chosen mainly from EEA (2004)
and USEPA (2003). For nineteen big stacks in Catalonia
region the XEAC emissions were also used.

2.3. Use of fossil fuels by residential and commercial sectors

The emissions from domestic and commercial fossil fuel
use are based on the statistical consumption of natural gas,
liquefied petroleum gas (LPG) and diesel oil (heating),
calculated for the 50 provinces of Spain. The annual emis-
sions for this sector are calculated after Eq. (2):

Eijðk; annualÞ ¼ ECj$EFij$
Pk

Pop
(2)

where Eij(k, annual) is the annual emissions of pollutant i,
due to the consume of the j fossil fuel in the k cell
(g year�1); Pk is the human population in k cell; and Pop the
total population in the studied province; EFij the emission
factor for i pollutant due to the consume of j fossil fuel
(g GJ�1), and ECj is the energetic consume of j fossil fuel in
the province (GJ year�1).

Spatial allocation was made using the population
density. Temporal allocation followed the monthly, daily
and hourly profiles obtained by Costa and Baldasano (1996)
and Parra (2004).

2.4. Use of solvents by residential and commercial sectors

Fugitive emissions due to paint application, glues,
adhesives, toiletries, propellants and car care products use
are the major sources of NMVOC, which are calculated
according to a top d down approach, considering the
Eq. (3).

Ejðk; annualÞ ¼ Pk$EFj (3)

where Ej(k, annual) is the NMVOC annual emissions due to
the solvent use in j activity, for the k cell (kg year�1); Pk is the
population in the k cell and EFj is the emission factor per
capita for the studied area due to the j activity (kg person�1

year�1). The emission factor per capita follows EEA (2002).
Spatial allocation was made using a population density

map. Monthly allocation was made considering that the
paint application activity increases during spring and
summer months; daily distribution considers the same
consumption for each day of the week; and hourly profiles
assume more activity during the morning (Parra, 2004).

2.5. Road transport

The road transport emissions are based on the daily
average traffic (DAT), measured in 20,934 observation
points throughout Spain, generating a digital vector map
where all the highways, freeways, more important roads
(DAT >200); and for large cities with over 500,000 inhab-
itants (Madrid, Barcelona, Valencia, Saragossa, Seville and
Malaga) urban streets are also considered. The speed data
needed for emission estimation consist of 372,640 road
stretches (among which 115,638 are urban stretches)
adding up to 118,087 km with information (10,003 km
within cities) provided by Tele Atlas Multinet� 2005.

Three types of emissions were included: (1) hot exhaust
emissions, occurring under thermally stabilised engine and
exhaust after treatment conditions; (2) cold exhaust emis-
sions, occurring during transient thermal engine operation
(cold start); and (3) evaporative emissions, non-exhaust
volatile organic compounds (VOC) emissions relevant for
gasoline fleet. Also, non-exhaust particles emissions (tire
and brake wear, road abrasion) are included within HERMES
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and follow the methodology described by the Coordinated
European Program on Particulate Matter Emission Inven-
tories, Projections and Guidance (CEPMEIP, 2008).

The inventory considers the 2004 vehicular park
composition, distinguishes between working days and
weekend, and is based on the COPERT III model (Ntziach-
ristos and Samaras, 2000), according to which the total
emissions for each pollutant are calculated (Eq. (4)).

Eitotðk;hourlyÞ¼
X

r

Eihot
r ðk;hourlyÞþ

X
r

Eicold
r ðk;hourlyÞ

þEevapðk;hourlyÞ ð4Þ

where Eitotðk;hourlyÞ is the total emissions of i-pollutant in
k-cell, hourly (g h�1); Eihot

r ðk;hourlyÞ, the hot exhaust
emissions of i-pollutant in the road section r of k-cell per
hour (g h�1); Eicold

r ðk;hourlyÞ is the cold emissions of i-
pollutant in the road section r of k-cell per hour (g h�1); and
Eevapðk;hourlyÞ the evaporative emissions in the k-cell per
hour (g h�1).

The hot exhaust emissions of i-pollutant in the road
section r of k-cell per hour are calculated with Eq. (5):

Eihot
r ðk;hourlyÞ¼Crh$

Xn

j¼1

Clf $Crd$DATrjðkÞ$LrðkÞ$F ihot
j ðsrÞ

(5)

where Crh is the proportion of DAT at h-hour; Clf, the coef-
ficient for daily traffic (working day or weekend); Crd is the
ratio between daily traffic for a specific month and DAT;
DATrj(k) is the daily average traffic for r-road section and j-
vehicle category in k-cell (number of vehicles); Lr(k) repre-
sents the length of the road section r in k-cell (km); F ihot

j ðsrÞ is
the hot emission factor (g km�1) of the pollutant i for the
vehicle category j, related to the speed Sr on the road section
r; and n (72) is the number of vehicle categories considered.

Hourly emissions are based on the hourly coefficients
(Crh), which are calculated with the hourly distribution of
the DAT, provided by the Governmental Authorities.
Monthly and annual emissions were obtained adding up
their respective daily and monthly values.

Cold emissions are produced mainly in urban streets for
all the vehicle categories; however only gasoline and diesel
cars are considered. These emissions are added to hot
emissions and are calculated by Eq. (6):

Eicold
r ðk;hourlyÞ¼

Xn

j¼1

Eihot
r ðk;hourlyÞ$bðltrip;atÞ

$

 
Ficold

j

Fihot
j

ðatÞ�1

!
ð6Þ

where bðltripatÞ is the fraction of the route driven with cold
engines, based on the average trip length and ambient
temperature at; and Ficold

j =Fihot
j ðatÞ�1 is the cold over hot

ratio of i-pollutant emission, also related to at.
Evaporative emissions include three kinds of sources:

(1) diurnal emissions; (2) soak emissions; and (3) running
losses.

Diurnal emissions are produced for the daily ambient
temperature variation, which result in vapours’ expansion
inside the gasoline tank. According to Ntziachristos and
Samaras (2000), it is actually only possible to estimate the
evaporative emissions for gasoline cars and motorcycles,
which are denominated as category m of the total vehicles
fleet. Total daily diurnal emissions are calculated using
Eq. (7):

Edevap
m ðk;hourlyÞ¼ ð1=24Þ$ðat=atmÞ$Nm$ed

mðtmax; tmin;RVPÞ
(7)

where Edevap
m ðk;hourlyÞ is the evaporative diurnal emissions

produced for vehicles of m-category (g h�1); at is the
ambient temperature at that hour; atm the daily average
ambient temperature; Nm, is the number of vehicles of the
m-category in the k-cell which generates evaporative
diurnal emissions; and ed

m is the diurnal emission factor
(g day�1) for m-category vehicles in function of maximum
and minimum ambient temperature and gasoline volatility
(RVP) on that day.

Soak emissions are produced when the hot engine is
turned off and the temperature of the stagnant fuel
increases. There are two types of soak emissions: warm
soak and hot soak emissions. The total daily soak emissions
are calculated by Eq. (8):

Esevap
m ðk;hourlyÞ¼ð1=24Þ$ðat=atmÞ,Nm

�
�
p$xm$eshot

m ðat;RVPÞ
�

þw$xm$eswarm
m ðat;RVPÞ ð8Þ

where Esevap
m ðk;hourlyÞ is the evaporative soak emissions

produced by the m vehicles category (g h�1); at is the
ambient temperature at that hour; atm the daily average
ambient temperature; Nm is the number of vehicles in
m-category; p is the fraction of trips finished with a hot
engine; w the fraction of trips finished with cold or
warm engine (p þ w ¼ 1); xm is the mean number of
trips for m-category vehicles, eshot

m ðat;RVPÞ the emission
factor for hot soak emissions (g trip�1) for m-category of
vehicles in function of ambient temperature and gasoline
volatility; and eswarm

m ðat;RVPÞ is the emission factor for
cold or warm soak emissions for m-category of vehicles
in function of ambient temperature and gasoline vola-
tility (g trip�1).

Running losses are produced from fuel evaporation in
the tanks during vehicle operations. There are also warm
and hot emission factors much alike the soak ones, but
disaggregation is calculated using equivalent equations as
the hot exhaust emissions.

2.6. Ports

In the estimation of emissions for port traffic the 50
harbours with mercantile activities in Spain are considered
individually. The inventory is based on Techne (1998)
methodology, considering the emissions generated by each
of the next operation modes: (1) manoeuvring: includes
the operations of entrance and exit to harbour (in this
model is considered 1 nautical mile of distance); (2)
hotelling refers to the stay of the ship in the harbour where
emissions are generated due to lighting, heating, refriger-
ation, ventilation, etc.; and (3) tank offloading and loading.
The emissions are calculated using Eq (9):
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EipðannualÞ ¼ Eman
ip ðannualÞ þ Ehar

ip ðannualÞ (9)

where EipðannualÞis the annual emission of i-pollutant for
port p (kg); Eman

ip ðannualÞ is the annual emission of i-
pollutant in port p, due to manoeuvring mode (kg) and
Ehar

ip ðannualÞis the annual emission of i-pollutant in the dock
of p-port, including hotelling (Ehot

ip ðannualÞ) and tanks load
and offload (El

ipðannualÞ) emissions, according to Eq. (10):

Ehar
ip ðannualÞ ¼ Ehot

ip ðannualÞ þ El
ipðannualÞ (10)

Emissions generated by manoeuvring and hotelling
modes are calculated each with Eq. (11), using the emis-
sions factors defined by Techne (1998) and USEPA (2000),
corresponding to each operation mode (o, meaning hotel-
ling or manoeuvring).

Eo
ipðannualÞ ¼

X
b

CbpðGT
�

bpÞ,Nbp,FCbo,Tbop,EFicto (11)

where CbpðGT
�

bpÞis the fuel consumption at top speed for
ship type b in port p, in function of the mean gross tonnage
(t day�1); Nbp the number of type b ships in port p (annual
basis); FCbois the fraction of fuel used according to the
operation mode o (hotelling or manoeuvring) of the type
b ship; Tbop is the time spent in each operation mode
(hotelling or manoeuvring) (days); and EFicto is the emission
factor of i-pollutant, considering type of fuel used, type of
engine and operation mode (hotelling or manoeuvring)
(kg t�1 of fuel).

Emissions generated by loading and offloading of tank
ships are calculated with Eq. (12):

El
ipðannualÞ ¼

�
Lp,c
1000

�
,EFl

i (12)

where Lp is the quantity of liquids loaded and offloaded
annually of tank ships in port p (t); c corresponds to the fuel
used for the cargo pumps for tanker loading and offloading
(0.7 kg t�1 according to Scott Environmental Technology,
1981); and EFl

i is the emission factor of i-pollutant for tank
offloading and loading (kg t�1 of fuel).

The spatial allocation distinguishes between harbour and
manoeuvring emissions. In the first case emissions are allo-
cated into the cells included total or partially in the port area;
the manoeuvring emissions are proportionally allocated into
the marine surface of the cells enclosed by a 1 nautical mile
radius circle centred at the central point of the port.

Hourly and daily emissions allocation consider a constant
activity profile for each port, meanwhile monthly emissions
are calculated through monthly factors, which are estimated
considering the monthly operations in each port.

2.7. Airports

Emissions from aircrafts were estimated according to
the number of landing and take-off cycles (LTO) at each of
the 44 airports with civil aviation in Spain. The model
considers the type of airplane and the emission factor for
each of the five operation phases of the LTO cycle: final
approach, taxi-in, taxi-out, take-off and climb out, accord-
ing to the EMEP/CORINAIR guidebook (2005).
The emissions are calculated with monthly data
according to Eq. (13).

EiaðmonthlyÞ ¼
X

s

X
t

Natm,FEist (13)

where EiaðmonthlyÞ is the monthly emission of i-pollutant
in airport a (g); Natm is the number of operations in airport
a, by aircraft type t in month m; and FEist is the emission
factor of i-pollutant for operation phase s and aircraft type t
(g per operation phase).

The annual emissions are obtained adding up the
monthly values; daily and hourly emissions are calculated
applying a coefficient of daily and hourly air traffic.

Spatial allocation is accomplished by georeferencing the
landing strip and the airport area considering the LTO pha-
ses. Taxi-in and taxi-out emissions are distributed into the
airport area cells (at ground level) while take-off emissions
are distributed into the cells crossed by the strips propor-
tionally to its length (also at ground level). The emissions of
final-approach and climb-out are allocated on a 3D basis
distributing the total value proportionally into the cells
crossed by a lineal trajectory outlined between the (last or
first) contact point in the strip and 1000 m of altitude
according to the angle of elevation or descent in that strip.

2.8. Biogenic emissions

The emission inventory calculates the volatile organic
compounds from vegetation, which are grouped in three
categories according to their reactivity: isoprene, mono-
terpenes and other volatile organic compounds (OVOC).
The model considers the influence of temperature and
photosynthetically active radiation (PAR) by the Guenther
et al. (1995) algorithms, according to Parra et al. (2004),
(Parra et al., 2006).

Hourly isoprene emissions were estimated using Eq. (14):

Eisoðk;hourly Þ ¼ EF iso
j ,ECFðt; pÞ,FBj,Ak (14)

where Eisoðk;hourlyÞ is the hourly isoprene emission into
the k-cell (g h�1), EF iso

j is the standard isoprene emission
factor associated with the j land-use category (g g�1 h�1),
ðECFt; pÞ is the environmental correction factor owing to
temperature and PAR (a dimensional), FBj is the foliar
biomass density of the j land-use category (g m�2) and Ak is
the area of each grid cell (m2).

The environmental correction factor is calculated using
Eq. (15):

ECFðt; pÞ ¼ Ct,Cp (15)

Where Ct is the correction factor owing to temperature and
Cp is the correction factor due to PAR, which are calculated
according to Eqs. (16) and (17), respectively.

Ct ¼
exp CT1ðT�TsÞ

RTsT

1þ exp CT2ðT�TmÞ
RTsT

(16)

Cp ¼
a:CL1Lffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2L2
p (17)
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Fig. 3. Total annual emissions calculated by HERMES for Spain 2004; (a)
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where CT1 (95,000 J mol�1), CT2 (230,000 J mol�1), Tm

(314 K), a (0.0027) and CL1 (1.066) are empirical coeffi-
cients. Ts is the standard reference temperature (303 K), R
(8.314 J K�1 mol�1) is the universal gas constant, T (�C) is
the foliar biomass temperature (it is assumed that foliar
biomass temperature is similar to the surface air temper-
ature) and L is the PAR flux (mmol m�2 s�1).

Hourly monoterpenes emissions were estimated using
Eq. (18):

Emonðk;hourlyÞ ¼ EFmon
j ,MðtÞ,FBj,Ak (18)

where Emonðk;hourlyÞ is the hourly monoterpenes emission
into the k-cell (g h�1) and EFmon

j is the monoterpenes
emission factor related to the j land use category (g g�1

h�1). M(t) is the environmental correction factor based on
temperature (a dimensional) which is calculated by Eq.
(19).

MðtÞ ¼ exp
�
b
�ðT � TsÞ

�
(19)

where b is an empirical coefficient (0.09 K�1).
The hourly OVOCs emissions were estimated according to

the Eq. (18) used to calculate hourly monoterpene emissions.
The land-use categories for each grid cell are obtained

from CORINE Land Cover 2000 map starting with a resolu-
tion of 100 m, and adapting to 22 the land-use categories
according to Arévalo et al. (2004).

3. Results and discussion

One of the capabilities of HERMES is the generation of
results according SNAP sectors. Therefore, the emission
sources have been split according to the SNAP codes at the
highest existing level (when possible) and then aggregated
in 9 of the 11 SNAP codes: 01) combustion in energy and
transformation industries; 02) non-industrial combustion
plants; 03) combustion in manufacturing industry; 04)
production processes; 06) solvent and other product use;
07) road transport; 08) other mobiles sources and
machinery; 09) waste treatment and disposal; and 11)
other sources and sinks.

3.1. Total annual emissions

The total annual emissions are presented in Fig. 3 and
Table 3, and also in Fig. 4, where the spatial distribution is
illustrated. These annual emissions are obtained by aggre-
gation of the emissions corresponding to each of the indi-
vidual hours of the year 2004, since the calculation basis of
HERMES model refers to 1 h.

The annual emissions of primary air pollutants add up to
4379 kt, distributed as: NOx, 795 kt (18%); NMVOC, 1025 kt
(23%); CO, 1236 kt (28%); SO2, 1142 kt (26%) and TSP, 180 kt
(4%) (Fig. 3a).

Fig. 3b illustrates the percentage of emissions generated
by each SNAP sector; for NOx the most significant sources
are combustion in energy and transformation industries
(SNAP 01) (41%), the road transport (SNAP 07) (37%) and
combustion in manufacturing industries (SNAP 03) (15%).
Consequently, Fig. 4a shows that NOx highest values
(>22,600,000 kg year�1 cell�1) are located in cells where
power generation plants and industrial installations are
located; in the main cities, principally in Madrid and Bar-
celona (>2,840,000 kg year�1 cell�1), and in the principal
highways.

The NMVOC (Fig. 3b) are principally generated by
vegetation (SNAP 11) (53%), road traffic (SNAP 07) (27%)
and solvent and other product uses (SNAP 06) (13%). In
Fig. 4b the highest values (>1,750,000 kg year�1 cell�1)
correspond to the largest cities due to the consideration of
evaporative emissions from road traffic and the use of
solvents by residential and commercial sectors (included in
SNAP 06). The biogenic emissions are distributed by almost
all the territory with emission values between 5700 and
18,500 kg year-cell�1, which explains the important
contributions of the vegetation to the total NMVOC.

In the case of CO, 81% of the emissions correspond to
road traffic (SNAP 07), 8% to combustion in energy and
transformation industries (SNAP 01) and 6% to combustion
in manufacturing industries (SNAP 03) (Fig. 3b). The spatial
distribution of CO (Fig. 4c) shows that the highest emission
levels (>5,611,000 kg year�1 cell�1) are generated in
medium and large cities and highways due to the emissions
from road transport and to the use of fossil fuels by resi-
dential and commercial sectors (in the cities) and in energy
generation and industrial plants.

TSP are mainly emitted by road traffic (SNAP 07) (41%),
combustion in manufacturing industry (SNAP 03) (32%) and
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combustion in energy and transformation industries (SNAP
01) (24%) as shown in Fig. 3b. The spatial distribution of TSP
focuses on particles with a diameter under 2.5 mm because
of their special implications for human health. They are
associated with the increasing of mortality, especially from
cardiovascular and cardiopulmonary diseases (Pope et al.,
2002). Fig. 4d shows that the highest emission levels of
PM2.5 are displayed in cells with power generation instal-
lations and industrial plants (>1,600,000 kg year�1 cell�1),
followed by main cities urban areas (>86,000 kg year�1

cell�1) due principally to the road transport, which besides
provokes emissions along the highways axes and highways
(>1900 kg year�1 cell�1).

Regarding SO2, 83% is generated by combustion in
energy and transformation industries (SNAP 01); 10% by
combustion in manufacturing industries (SNAP 03) and 4%
by production processes (SNAP 04) (Fig. 3b). Fig. 4e shows
that the highest levels of SO2 (>77,000,000 kg year�1

cell�1) are presented in isolated cells where power gener-
ation facilities and manufacturing industries are located.
Furthermore, large cities depict emissions levels over
91,000 kg year�1 cell�1 caused principally by the use of
fossil fuels by residential and commercial sectors (consid-
ered in SNAP 02) and industrial installations located in the
outskirts and suburban areas.

The comparison of HERMES emissions with other
emissions inventories permits to have a reference of the
estimations made with the model, albeit these inventories
are based on different estimation methodologies. In this
sense, the most reliable emission inventory for the area of
study of HERMES is the Spanish National Emission Inven-
tory (SNEI), which is the base of the Spanish contribution to
the EMEP inventory and is publicly available.

The comparison shows that estimates for HERMES are
lower than those in the SNEI for almost all the sectors,
except SNAP 01 (Table 3). The grade of similarity varies
between different sources categories and pollutants. The
comparison of the total annual emissions show that TSP
presents the minimum difference between HERMES and
NEI (�10 kt year�1), while CO represents the highest
deviation in the comparison (�1205 kt year�1). The secto-
rial comparison shows that the smallest differences for NOx

are found in SNAP 09 (�4 kt year�1), for NMVOC in SNAP 01
(7 kt year�1), for CO in SNAP 08 (�21 kt year�1), for SO2 in
SNAP 04 (4 kt year�1) and for TSP in SNAP 09 (�7 kt year�1)
(Table 3).

According to Lindley et al. (2000), the reasons for the
differences between different inventories may be caused
by the differences in activity data, assumptions and
emission factors considered in each estimation. In this
sense, the most significant differences in SNAP 01
correspond to CO (77 kt year�1), which may be origi-
nated by the use of high emissions factors of CO used in
HERMES.

For SNAP 02, 03, 04, 06, 08 and 09; HERMES calculates
lower emissions than SNEI for almost all the pollutants
because the former does not consider all the activities
involved in the SNAP codes which are included in SNEI (as
the combustion plants used in agriculture, forestry and
aquaculture for SNAP 02; the process in iron and steel
industries and collieries in SNAP 04 or the railways and



Fig. 4. Spatial distribution of the total annual emissions (kg year�1 cell�1); (a) NOx, (b) NMVOC, (c) CO, (d) PM2.5, (e) SO2, and (f) speciated species PAR (kmol
year�1 cell�1) according to CB-IV mechanism.
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mobile source used in agriculture, forestry and industry in
SNAP 08).

For SNAP 07 the most significant differences correspond
to NOx (�212 kt year�1), which may be caused by the level
of detail used in HERMES because of the lack of information
regarding the calculation of emissions for small roads
(DAT <200) and small and medium cities (<500,000
inhabitants).
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3.2. Daily variations of emissions

Total daily emissions of CO, NMVOC, NOx, SO2 and PM2.5,
are illustrated in Fig. 5. CO presents a regular trend during
the year with a slight increase in emissions from July 1 to
August 31 due to the summertime holidays; furthermore
CO trend shows higher emissions during weekdays and
lower emission levels during the weekends, according to
the weekday/weekend variation of traffic profiles (Jiménez
et al., 2005). It also depicts the influence of road traffic
emissions (SNAP 07) in this pollutant showed in Fig. 3b.

NOx presents a similar trend to CO, with marked weekly
cycles (Fig. 5) generated by the road traffic emissions (SNAP
07) and the combustion in manufacturing industries (SNAP
03), presenting higher emissions during the weekdays and
lower at weekends. However, in this case the processes of
combustion in energy and transformation industries (SNAP
01) also have an important contribution. The irregularities
in the weekly cycle are caused by the quantity of power
generated by different fuels (coal, fuel, gas) because each
fuel has different emissions factors associated. The emis-
sions of SO2 present significant variations related to the
daily power demand and the electricity mix used, showing
higher emissions during weekdays and lower at weekends
(Fig. 5).

The daily trend for the year 2004 of NOx, SO2 and
PM2.5 is similar, presenting two significant drops: during
the firsts days of the year due to the decrease in power
generation for holidays and during spring, because of the
decrease of power generation levels due to the rise of
light hours and the diminishing of heating and cooling
systems due to the pleasant temperatures in the domain
studied. The use of coal as a fuel for the power production
determines in an important amount the daily quantity of
NOx, SO2 and PM2.5 emitted, the correlation levels iden-
tified are 0.64 for NOx, 0.96 for SO2 and 0.61 for PM2.5

(Fig. 6a–c). The daily emission rate for PM2.5 is lower than
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for the rest of pollutants (Fig. 5). Their variability is
significant for some periods of the year (Fig. 6c) origi-
nated by the daily power generation using coal (SNAP 01),
the combustion in manufacturing industries (SNAP 03)
and road traffic (SNAP 07).

The general trend of NMVOC emissions is also showed
in Fig. 5. During wintertime this pollutant reaches the
minimum level of emissions while during summer it
becomes maximum due to the influence of temperature
and solar radiation in the biogenic NMVOC formation. This
fact can be observed in Fig. 7a where the peaks and falls of
NMVOC along the year are related with the variability of
both temperature and solar radiation. Fig. 7b,c shows an
exponential correlation between temperature (r ¼ 0.90)
and solar radiation with NMVOC (r ¼ 0.67). The summer-
time variability in NMVOC emissions observed in Fig. 7a
may exert a great influence on the ozone production
(Meleux et al., 2005; Wei et al., 2007).

3.3. Hourly variations of emissions

In order to illustrate the HERMES capability for the
estimation of emissions on an hourly basis, Fig. 8 shows
a comparison between summer and winter hourly emis-
sion profiles. The summer day corresponds to Monday July
26, because this day is representative of a typical
summertime episode of air pollution in southwestern
Europe (according to the criteria defined in Jiménez et al.,
2006) for the year 2004 and presents high emission levels;
and the winter day is Monday January 19, related to
a wintertime anticylonic situation over Spain.

For CO emissions (Fig. 8a), the daily major contribution
is issued from road traffic (SNAP 07), with larger contri-
butions for July 26 with respect to January 19 due to the
increase of road traffic during the summer period. Emis-
sions from other mobile sources and machinery (SNAP 08),
combustion in manufacturing industry (SNAP 03) and
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combustion in energy production (SNAP 01) are similar for
both days. During the day three peaks are showed related
with the rush hours: one at 06 Universal Time Coordinate
(UTC) in summer and 07 UTC in winter, related with the
displacement to work places; another one at 11 UTC in
summer and 12 UTC in winter due to the mobility for the
lunch time; and the third between 16 and 17 UTC in
summer and between 17 and 18 UTC in winter, because of
the end of the working day. The forward of 1 h between
January 19 and July 26 is caused by the daylight saving time
(DST) used in the summer, when the local official time in
Spain is UTC þ 2.

The hourly distribution of NMVOC is quite different
between winter and summer days because of the large
contributions of vegetation during July 26 (SNAP 11). These
biogenic emissions have been increased due to the high
temperatures (up to daily means of 27 �C) and intense solar
radiation during summer (François et al., 2005; Parra et al.,
2006). These high temperatures also generate slightly
higher emissions in summer issued from evaporation
processes in solvent and other products use (SNAP 06) and
road traffic (SNAP 07) (Fig. 8b).
NOx and PM2.5 emissions are higher during the summer
day due principally to the increase of two activities: the
combustion in energy production (SNAP 01) associated
with the rise of electricity used for cooling systems and the
increase of road traffic (SNAP 07) during the summer
holidays. Emissions from non-industrial combustion plants
(SNAP 02) are larger in the winter day, due to the high
domestic and commercial fossil fuels consume in heating
systems. NOx emissions from combustion in manufacturing
industry (SNAP 03) and from other mobile sources and
machinery (SNAP 08) are similar for both analyzed days
because the temporal distribution of this activity sector is
not greatly month- or day-dependant (Fig. 8c,d).

The hourly NOx and PM2.5 emissions profile for July 26
and January 19 are defined by the intensity of road traffic
(SNAP 07) and combustion in energy production (SNAP 01);
therefore the day emissions are higher showing two peaks
related to the increase of these activities. During the
summer day the emissions are skipped 1 h due to the DST.

Regarding PM2.5 it is important to notice that produc-
tion process (SNAP 04), principally point sources associated
with petroleum products processing, contribute to the
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emissions levels in an equivalent way for all the hours of
the year because their activity levels remain constant
throughout the year.

SO2 emissions are principally generated by combustion
in energy production (SNAP 01), therefore the temporal
and hourly variations are correlated with the power
demand. The hourly variations for July 26 show a peak
around noon (11 UTC) because this is an hour with intense
labour activities which require electricity and in addition
the use of cooling systems becomes necessary. January 19
presents two differentiated emission peaks, 11 UTC gener-
ated by the labour activities and at 20 UTC due to the use of
artificial light systems (Fig. 8e).

4. Conclusions

This work describes the main elements and detailed
results obtained with the high spatial (1 km2) and temporal
(1 h) resolution HERMES emission model as implemented
within the Caliope air quality forecasting system for Spain
(http://www.bsc.es/caliope) supported by the Spanish
Ministry of the Environment. HERMES does not only
provide detailed emission information for its coupling with
chemistry transport models, but also provides the capa-
bility of performing several calculations of the emissions
such as spatial and temporal aggregations, SNAP summa-
tions or aggregation by emissions sources or stacks.

The results of the application of HERMES to Spain for the
entire year 2004 by the adding of the emissions calculated
on an hourly basis show that the most significant sources of
pollution are combustion in power generation plants
(principally when coal is used as fuel), combustion in
manufacturing industries, road traffic and biogenic sources.
The contributions of other activity sectors are not signifi-
cant. All the primary air pollutants are generated princi-
pally in the biggest urban centres and in principal
highways, although biogenic NMVOC emissions are
distributed around all the Spanish geography according to
the high variability and heterogeneity in the distribution of
vegetation and land use.

The daily annual emission distribution presents a similar
pattern for NOx, CO and particulate matter with weekly

http://www.bsc.es/caliope
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cycles related to the weekday and weekend road traffic
intensity. SO2 emissions trend varies according to the
quantity of power generated using coal, and NMVOC
increases during the spring and summer presenting falls
impacted by the temperature and solar radiation. The hourly
emissions of NOx, CO, SO2 and PM2.5 shows two peaks
related with the power demand and rush hours, while
NMVOC presents a curve with maximum emissions during
the midday due to the high temperature and solar radiation.

Although there is a limitation in the individual sources
included (biogenic emissions, power generation, the most
important industrial activities, use of fossil fuels and
solvents by residential and commercial sectors, road
transport, ports and airports) HERMES has demonstrated its
ability and accuracy for addressing emission-related prob-
lems since it has been implemented as the emission core for
the validation and assessment of air quality simulations in
Spain. Some future applications of the model may be related
to further modelling and policy purposes for Spain. Future
developments will be related to the inclusion of other
sources such as urban road traffic in medium cities, paved-
road resuspension, agriculture and steel industry, saltation
processes, emissions from arid soils, among others.
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