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ABSTRACT
Spatial distribution of emissions is a key element in assessing human exposure to air pollution through
the use of dispersion modelling. The quality of the spatial emission mapping is crucial for the quality,
applicability and reliability of modelled air pollution levels, estimated human exposure and incurred
health effects and related costs, all very important information for policymakers in decisions of im-
plementation of environmental policies and measures. Detailed information on spatial distribution of
emissions allows for a more targeted regulation, implementing measures focussing on areas where
emissions are highest, allowing for more cost-effective initiatives on local, regional and national scale.

The purpose of the MapElre project, funded by Ireland’s Environmental Protection Agency, is to
develop a high-resolution spatial mapping of the Irish emission inventory. The work is state-of-the-art
and combines a large amount of statistical data with detailed spatial information to allow for a complete
spatial emission mapping on a 1 km by 1 km resolution.

‘When comparing the results from the MapElre project with those of the previous studies, the impact
of both methodological refinements and higher spatial resolution becomes very visible. A low resolu-
tion, such as the 50 x 50 km used in the official reporting, causes important variations to be obfuscated
and, if used for air quality modelling, would introduce significant uncertainty. Methodological simplifi-
cations can also have significant influence on the results, which has been illustrated in this paper using
specific examples comparing the detailed MapElre methodology with less detailed methodologies used
in the previous studies.

The results from MapElre represent a significant improvement over previous methodologies and will
be a strong input for future air quality modelling.

Keywords: air pollution, emission inventory, emission mapping, GeoKey, gridding, spatial emissions,
spatial resolution.

1 INTRODUCTION

Human exposure to air pollution is a significant challenge to human health. The WHO esti-
mates that there were 4.2 million premature deaths in 2016 from urban and rural sources
worldwide due to outdoor air pollution [1]. Results by Brandt et al. [2] show that outdoor
air pollution caused a total number of 570,000 premature deaths in the year 2011 in Europe.
While emissions in Europe are generally decreasing according to the European Environment
Agency [3], there are still challenges at the local and regional scale that can only be quanti-
fied using high-resolution spatial models.

The impacts from air pollution are not equally distributed and depend on a large number of
factors. Detailed information on spatially distributed emissions serves to improve air quality
modelling and contributes to a better understanding of the link between air pollution and the
related health impacts.

Air pollution, in general, is a transboundary and scale-dependent challenge with global,
regional, national and local sources giving rise to large geographical variability and thereby
large differences in the geographical distribution of human exposure to air pollution.

Spatial distribution of emissions is a key element in assessing human exposure to air pol-
lution through the use of dispersion modelling. The quality of a spatial distribution depends
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on several aspects, including the completeness, accuracy and resolution. The completeness is
determined by the extent to which all emission sources and all pollutants are included. The
accuracy depends on the quality of the spatial datasets used and whether the spatial distribu-
tion keys (GeoKeys) are suitable proxies for the emission sources. The resolution is a key
parameter that has a significant influence on the usefulness of the spatial emissions as a basis
for air quality modelling. The higher the spatial resolution, the more details can be reflected
and the better of the input to the air quality modelling. The resolution is often limited by the
spatial data availability, i.e. if the data are only available at a higher aggregated level such as
municipality level, then they do not add value to simply downscale linearly to produce a high-
resolution distribution, as the input data do not support it. In addition, the higher the spatial
resolution, the larger data volumes need to be handled.

Several studies have endeavoured to make a spatial distribution for the whole of Europe.
These include the EDGAR system [4] developed by the European Commission Joint Research
Centre on a resolution of 0.1° x 0.1° and the system developed by TNO [5] on a resolution of
1/8° x 1/16°. In comparison, the national reporting requirements for Parties to the Convention
on Long-Range Transboundary Air Pollution (CLRTAP) under the United Nations Economic
Commission for Europe (UNECE), which is used in European-wide modelling of air pollu-
tion by the Meteorological Synthesizing Centre — West (MSC-W), were until 2015 to report
on a 50 x 50 km grid. Since 2017, Parties have been required to report emissions on a grid
with a resolution of 0.1° x 0.1° [6].

Few studies have covered the whole range of pollutants or sectors, and in fact, most of
the published studies have focussed on single pollutants [7—10] or single sectors [11-16].
In addition, many studies have not been at the national level but at a city or regional level
[17-19]. A few studies have focused on spatial distribution for a range of pollutants at the
national level for all emission sectors [20-22].

Based on the change in resolution for the officially submitted gridded data, MSC-W has
made a comparison of the spatial correlation between model runs using emissions of the
50 x 50 km resolution and the new higher resolution of 0.1° x 0.1° [23]. The comparison
shows that the change to higher-resolution emissions has led to a large improvement in
spatial correlation for the vast majorities of European countries.

As a result of the international focus on air quality, the Forum for Air quality Model-
ling (FAIRMODE [24]) was established in 2007 as a framework for knowledge exchange
and capacity building focusing on assessment, emissions, source appointment and plan-
ning. FAIRMODE has set up a composite mapping tool holding the best available national,
regional and local emission and concentration maps for different EU areas. Results from the
MapElre study have been refined for the Dublin area and included in the EU Composite Map
Platform for use in FAIRMODE.

Previously published projects on spatial distribution in Ireland have been done at a reso-
lution of 10 x 10 km [25, 26], and the official submissions have been done at a resolution
of 50 x 50 km. The MapElre project increased the resolution to 1 x 1 km to improve the
usability for air quality modelling and to allow for a more detailed regulation implementing
measures targeting areas where the emissions are highest allowing for more cost-effective
initiatives. Development of a national spatial emission model covering the entire country
allows for assessment of effects of measures on local, regional and national scale. This
paper makes comparisons between the previous Irish spatial emissions and the new higher-
resolution emissions from the MapElre project to illustrate the increased accuracy that can
be gained by changing to a higher resolution.
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2 METHODOLOGY
The integrated spatial emission mapping model for Ireland, MapElre, is developed with the
aim to use the most detailed data available regarding information on both emissions and spa-
tial patterns, while still being easy to update as new knowledge becomes available.

The model is built as an integrated database system, aiming at being easy to operate for the
end users, but still able to handle the large data amounts and run complex calculations at high
speed. This is ensured through a well-organised setup, a clear data concept and precise inter-
relationships between the incorporated parameters, e.g. via use of primary keys. The built-in
simple user interfaces minimise the risk of introduction of errors by the user. The model
includes all pollutants in the Irish emission inventory as reported to the CLRTAP for air pol-
lution and to the United Nations Framework Convention on Climate Change for greenhouse
gases. The sectoral levels in MapElre follow the sectors in the corresponding reporting tables
(Nomenclature for Reporting [NFR] and common reporting format [CRF]). In total, MapElIre
covers 32 pollutants (air pollutants and greenhouse gases) and 177 sub-sectors in the main
sectors energy, industrial processes and product use, agriculture, land-use change — land-use
change and forestry and waste. The model is linked directly to the data in the NFR and the
CRF tables, making it easy to update when recalculations are made in the emission inventory,
and ensuring consistency of emission totals in the national and the spatial inventory. Should
the scope of the emission inventory change, e.g. with the addition of new pollutants and/or
sub-sectors, this can easily be incorporated into the model.

The spatial resolution in MapElre is 1 x 1 km, using an orthogonal grid following the 1,000
m x-axis and y-axis in the TM65/Irish Grid projection (EPSG 29902). The allocation of the
national total emissions is based on a large number of spatial distribution keys (GeoKeys),
which are normalised tables holding the shares of the national total emission for a given
sector and a given pollutant, to be allocated to the individual cells in a pre-defined grid. A
description of the GeoKeys, including the methodology and the underlying spatial input data,
is provided in Plejdrup et al. [27].

The development of a high-resolution emission model requires the use of detailed high-
resolution spatial data. The level of detail of the spatial data should preferably match the
model resolution, but in some cases, spatial data of such a high level of detail do not exist
or are confidential due to data protection regulations. In such cases, the level of detail can
be improved by combining information from different spatial data sets and/or by including
relevant statistical data with a spatial parameter. Subdivision of low-resolution data to higher
spatial resolution should be avoided, as this does not contribute to a more accurate result.
However, taking into account the high output resolution, it can be necessary to use spatial
data of lower resolution for some emission sources, due to limitation of data availability or
as a balancing of the required workload to prepare a GeoKey and the improvement it would
make to the spatial emission model. E.g., it may not be worth the effort to use many resources
to prepare a very detailed GeoKey for an emission source making up a minor share of the
national total emission.

MapElre uses the best available statistical data and combines it with the best available
spatial data. In many cases, it has been possible to get data at a very high resolution such as
small areas (SA), which is defined as areas of population generally comprising between 80
and 120 dwellings. SA were designed as the lowest level of geography for the compilation
of statistics in line with data protection. High level of detail can be obtained by combining
statistical data including a geographical component with digital maps, e.g. by combining
traffic counts for observation sites with digital map of the road network. Further refinement
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of the distribution can be made if the digital maps include attribute data related to the emis-
sion source that can be included in the methodology, e.g. a split of traffic counts into vehicle
types like passenger cars, vans and trucks, which are often included in traffic count data
from transport authorities.

3 RESULTS AND DISCUSSION
Based on the model, emissions have been mapped with a resolution of 1 x 1 km for all pol-
lutants and all sectors, and the output is available as emission maps that can be downloaded
from the project website (www.mapeire.dk) as pictures (jpg files) and digital maps (shape
files) for use in Geographical Information Systems.

To assess the influence of improving the spatial resolution of gridded emissions, a compari-
son of three spatial inventories is presented. The current spatial inventory developed as part
of the MapElIre project and the previous work that has been carried out in Ireland on a coarser
scale. Emission inventories are updated annually and can contain recalculations for all years
in the time series. This means that the emission for a specific year can vary between differ-
ent versions of the emission inventories. Annual updates include updates of activity data,
emissions factors and methodologies and introduction of new emission sources. This should
be kept in mind as the changes in the emission inventory over the years can complicate the
comparison of different spatial emission inventories and lead to misinterpretations.

Some examples of how the more detailed approach has improved the spatial distribution
of emissions have been described in the following focussing on some of the sectors with a
high emission impact. Spatial emissions are presented on maps, which are prepared with the
aim of highlighting the differences of the emission patterns rather than the actual emissions.
To enhance the differences and eliminate the influence of changes from recalculations and
refinements of the emission calculations to the extent possible, the maps visualise the share of
national total emissions. The classification is made using geometrical intervals to streamline
the methodology for dividing the data into the classes given in the legend, as using the same
classes for all layers in a comparison will conceal the differences in the distribution pattern.
The geometric interval methodology is well suited for visualising data that do not follow a
normal distribution, or are distinctly skewed, which is the case e.g. for some industrial sec-
tors, where large shares of the emissions come from few point sources and the rest of the
emissions come from area sources.

The comparisons presented in Figs. 1-7 are made on sectoral level. It is based on gridded
emissions with a resolution of 1 x 1 km for the year 2015 and with a resolution of 10 x 10
km for the year 2010.

The methodology used for road transport is based on the similar approaches for the major
roads (national roads), using traffic count data. The gridding is based on data from the
National Road Authority’s traffic counters including approximately 140 sites in 2010 and
approximately 300 sites in 2015. The residual of the national total mileage is allocated to
the remaining roads. In MapElre, the road network area is used as proxy for mileage, while
the 2010 inventory used population density and road length. Use of population density as
proxy accumulates emissions in densely populated urban areas as e.g. Dublin, which may
overestimate the emission, due to more widespread use of other modes of transport, e.g. bikes
and public transport. The MapElIre model allocates 25% of the emissions to the Dublin area,
while use of population as proxy would allocate 55% of the emissions to Dublin. Using road
area as proxy allocates the same emissions to roads with the same width regardless of some
being heavily trafficked and others being less heavily trafficked.
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Figure 1: Share of NO_emissions from road transport on a spatial resolution of (a) 1 x 1 km
and (b) 10 x 10 km.

Using a higher spatial resolution enables the road network to be reflected in more detail,
which makes the spatial emissions more useful for modelling of local air quality and human
exposure (see Fig. 1.)

The 2010 methodology allocated emissions from agricultural machinery to pasture and
arable land. The improved MapElre methodology allocates emissions to cropland and
improved grassland based on the Land Parcel Identification System (LPIS), according to
distribution of mileage for agricultural machinery on county level provided by the Central
Statistics Office (CSO).

Combining mileage statistics and the LPIS map improves gridding compared to allocating
emissions evenly to the areas, where it is assumed to occur. Cropland is mainly found in the
eastern and southern parts of Ireland, while grassland is found in the western and northern
parts of the country. This is reflected in the spatial model, as intensive cropland cultivation
requires the use of more machinery than extensive grassland cultivation. The regional varia-
tion caused by different land use is evident from the maps in Fig. 2.

Gridding of NH, takes its starting point in the agricultural census by the CSO, which
includes animal numbers on electoral districts (EDs) for dairy cows and other cattle, and on
county level for sheep, goats, horses, mules and asses, swine and poultry. The 2010 gridding
distributed emissions between EDs based on animal numbers and evenly to the areas of the
individual EDs. The same basic approach is used in MapElre with the exception that emis-
sions are allocated to areas classified as farmyards or buildings in the LPIS. Emissions from
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Figure 2: Share of NO_emissions from off-road mobile sources on a spatial resolution of (a)
1 x 1 km and (b) 10 x 10 km.

sheep, goats, horses, mules and asses, swine and poultry are allocated to rural areas based on
animal numbers by livestock species. Gridding for sheep and horses for 2015 was improved
by using animal numbers on ED level and following the same methodology as used for dairy
cows and other cattle. Goats, mules and asses follow the same methodology as for dairy cows
and other cattle, but based on county-level data, which is the highest spatial resolution avail-
able for those animal species.

Large improvements are introduced for pigs and poultry in MapElre. A comprehensive
study carried out by University College Dublin in the AmmoniaN2K project [28] assigned
animal numbers from annual environmental reports to the locations of the Industrial Emis-
sions Directive [29] licensed pig and poultry farms in 2016. In Ireland, there is no publicly
available database of below threshold pig and poultry houses, but the AmmoniaN2K project
has identified the locations of a significant proportion of these farms which were included in
MapElre. The data cover the main part of the pig and poultry production (broilers and laying
hens, separately). Common GeoKeys are prepared for pigs and poultry species as an average
of licensed and unlicensed animals, based on share of total animal number by species.

The NH, emission map based on MapElre has a much higher level of detail, as emissions
from enteric fermentation and manure management are allocated to the farms and not evenly
by ED or to rural areas. From Fig. 3, it can be seen that the improved methodology and the
higher spatial resolution significantly change the composition of the map, with the emission
being focussed on the farmhouses and pastures rather than following a uniform distribution
based on an evenly allocation across the whole area.
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Figure 3: Share of NH, emissions from agricultural livestock on a spatial resolution of
(a) 1 x 1 km and (b) 10 x 10 km.

Including farm-level pig and poultry data is a large improvement compared to the previous
methodology. If animal numbers for other species become available on farm level as well,
this can lead to further improvements in the accuracy of the spatial inventory.

Emission maps for the year 2005 for Ireland with a resolution of 50 x 50 km are available
on the EIONET Central Data Repository (CDR [30]). The methodologies behind the 2005
gridding are not documented, as there were no requirements to include a documentation
report in the annual reporting to CLRTAP. Comparison with the 2010 and the 2015 gridded
emissions is only made for national total emissions, due to large changes of the sector defini-
tions between the reportings.

Road transport is a large source of NO,_emissions. The share of national total emissions has
increased from 2005 to 2015, due to decreasing emissions from combustion in industry and
in public electricity and heat production. The level of details of the 50 x 50 km gridding is
very limited, and the most significant pattern owes to allocation of emissions from large heat
and power plants. Emissions from industry are allocated according to employment statistics
in the 2010 gridding, which is a weak proxy for many industries. Employment statistics does
not reflect the difference between industries with a high degree of manual or automated work.
An industry can have a large number of employees, but low emissions, due to the nature of
the industry or the fact that production is based on, for instance, electricity from the public
grid. This can lead to overestimation of emissions from industries/plants having a high degree
of manual work compared to industries/plants with more automated processes. Also, the



168 M. S. Plejdrup et al., Int. J. Environ. Impacts, Vol. 2, No. 2 (2019)

Percent of nationsl total CRl - Porcent of national total Percent of national total
[ 0% - 0.0001% . " N 0.000774% — 0.020551% e N 0.000232% — 0.091218%
I 0.000101% —0.000578% B 0.020552% — 0.026461% - N 0.091219% — 0.273318%
1 0.000575% —0.002874% [ 0.026462% — 0.046238% B 0.273319% — 0.637778%
0,002875% —0.01388% 0.046239% —0.112415% 0.637779% — 1.367218%
0.013881% —0.066654% 0.112416% —0.333857% 1.367219% — 2.827138%
B 0.086655% —0.316718% [ 0.333858% — 1.074849% I 2.827139% — 5.748057%
—— I 031972% —1.503205% | Fm = o [ 1,07485% — 3.554368% e e— [ 5749058% — 11.507058%
|°- % 0 10 B 1533206% - 7.35207% | |oT s g 100 ] B 3.554360% — 11.851365% | |0 o5 g 100 ] [ 11.597059% — 23.301392%

Figure 4: Share of national total NO, emissions on a spatial resolution of (a) 1 x 1 km; (b)
10 x 10 km; and (c) 50 x 50 km.

registered place of employment can be a main office located separately from the produc-
tion facilities, where emissions would occur. Population density is included in the gridding
for road transport, leading to accumulation of emissions in densely populated areas. Road
transport is the largest source of NO_emissions in 2015 (35%) followed by agricultural soils
(28%). The road network is distinct on the map with a high level of details. It is clear from
the maps in Fig. 4 that the gridding has improved significantly from 2005 to 2010 and again
from 2010 to 2015, regarding both the distribution methodology and the spatial resolution.

The largest sources of PM, , emissions are small combustion plants, road transport and
industry. The methodology for industry is improved from the 2010 gridding, where it was
based on employment statistics, to 2015, where the GeoKey is based on industrial heat
demand by the smallest administrative unit SA. The pitfall in using employment statistics
is that in many cases employees can be registered to a main office located far away from
the emitting activities. Furthermore, the number of employees does not necessarily have a
correlation with the emissions; e.g. some industries can produce high emissions with a low
workforce and vice versa.

Residential combustion contributes 46% of the national total PM, , emission in 2015, and
as emissions occur in low heights where people live, it is crucial to make a good distribu-
tion in order to make the spatial emissions suitable for air quality modelling and input to
policymakers for development of policies and measures. As shown in Fig. 5, the 2005 map
indicates that allocation to some degree is based on population or building density, as emis-
sions are accumulated in the largest urban areas. This pattern also occurs for 2010, where the
distribution is based on energy end use from Sustainable Energy Authority of Ireland [31]. A
more scattered pattern occurs on the 2015 map, where the distribution is based on the number
of appliances by SA from the CSO, combined with national fuel consumption in residential
plants from the national energy statistics and emission factors from the national emission
inventory.

Emissions from electricity and heat production, which contribute 27% of the national total
SO, emission in 2015, are allocated to the individual plants and not easy to apparent on a high
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Figure 5: Share of national total PM, ; emissions on a spatial resolution of (a) 1 x 1 km; (b)
10 x 10 km; and (c) 50 x 50 km.

resolution (Fig. 6). Emissions from households, which contribute 48% in 2015, are allocated
according to the distribution of appliances on SA level. Areas with high population densities
are visible on the map, as emissions tend to accumulate where most people lives. The high
emission levels in densely populated areas also occur on the maps with higher spatial resolu-
tion but is especially pronounced on the 50 x 50 km map, which indicates that population
density might have been used as proxy for the spatial distribution. A number of the large
electricity and power plants are located near the densely populated areas, and using a lower
spatial resolution will cause more large plants to be allocated to the same grid cell, making
the large urban areas even more significant on the map.
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Figure 6: Share of national total SO, emissions on a spatial resolution of (a) 1 x 1 km;
(b) 10 x 10 km; and (c¢) 50 x 50 km.
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Figure 7: Share of national total NH, emissions on a spatial resolution of (a) 1 x 1 km;
(b) 10 x 10 km; and (c¢) 50 x 50 km.

Agriculture is by far the largest source of NH, emissions. The contribution from livestock
to the national total NH, emissions has decreased as the contribution from other agricultural
sources, mainly animal manure applied to soils, has increased. Emissions from agricultural
soils were distributed to areas of arable land and pasture from CORINE Land Cover [32] in
the 2010 gridding and to cropland and improved grassland from LPIS in the 2015 gridding.
LPIS is a national dataset with a high level of detail compared to the European land cover
map CORINE. In addition, the allocation of emissions from livestock to farms instead of
rural areas contributes to make the spatial emissions more accurate.

As shown in Fig. 7, the general pattern is the same between the three spatial invento-
ries. However, upon closer inspection, it becomes clear that the higher resolution and more
detailed methodology allow for a much more nuanced distribution reflecting differences at
the land parcel level rather than at the very aggregated level.

4 CONCLUSIONS

Several initiatives can be implemented to improve the accuracy of the spatial emission map-
ping. Disaggregation of emission sources leaves the possibility to use different GeoKeys
reflecting the characteristics of the individual emission sources rather than the overall char-
acteristics for an emission sector. This requires that the mapping is based on detailed spatial
and statistical data, related to the individual emission sources and in many cases combining
multiple datasets to increase the accuracy. Disaggregation only improves the spatial mapping
if the underlying data are changed to higher correlated data that serve as better proxies for
one or more of the emission sources included in the aggregated emission sector. Using more
detailed and accurate GeoKeys enables the change to a higher spatial resolution.

All sources in the mapping should be assessed, the applicable spatial resolution should
be evaluated by source and the spatial resolution of the spatial model should be chosen so
that it reflects the level of detail in the resulting spatial emissions. Selecting a too low spatial
resolution results in losing details, while choosing a too high spatial resolution reflects a



M. S. Plejdrup et al., Int. J. Environ. Impacts, Vol. 2, No. 2 (2019) 171

level of detail that is not supported by the underlying data. Increasing the spatial resolution
without using better spatial data only subdivides the grid cells without contributing further
information. The optimal spatial resolution varies between the emissions sources, as some
can be distributed using very detailed and accurate spatial data, e.g. point source emission,
while only poor proxies can be used for other emission sources, e.g. construction and demoli-
tion, where most often neither location nor activity data are available. In the spatial mapping
model, emissions from construction and demolition are distributed evenly to all buildings.

As shown for selected examples above, using data at a more disaggregated level and a higher
spatial resolution results in a more detailed spatial emission mapping with higher accuracy,
when based on appropriate background data. The improvements from the coarse 50 x 50 km
resolution spatial inventory to both the 10 x 10 km and the 1 x 1 km spatial inventories are
significant, especially for NO, SO, and PM, .. For NH,, the improvement can seem less pro-
nounced when observing the maps (Fig. 7), but at the local level, the changes are still pro-
nounced between the coarse and finer-resolution spatial inventories. This is illustrated in the
mapping of NH, emissions from livestock (Fig. 3), where the difference of allocating the
emissions from livestock to the entire land area versus allocating emissions from animal hous-
ing to the actual location becomes very clear. For local scale modelling, the difference in these
approaches would lead to very different results.

The results obtained using the MapElIre model will provide improved input data to air qual-
ity modelling, contributing to more accurate model results, and will allow for more targeted
development of policies and measures.

In future work, the emphasis should be on refining methodologies as a further increase in
the resolution is unlikely to improve the accuracy of the spatial inventory, as very few data-
sets are available to support a resolution of e.g. 100 x 100 m.
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