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Abstract: The paper describes a study to map the impaahigfs on air pollution in Denmark. Recently, datanf the Automatic
Identification System (AIS) which logs ship actie& have become available, enabling much moreldétahip emission inventories than
previously to be produced. The study makes useaf data and demonstrates that the use of AlSislag@ommendable as future practice.
The Baltic Sea and the North Sea have been apgdBuphur Emission Control Areas by the Internalddaritime Organisation (IMO).
Furthermore, it is expected that the Baltic Sehalslo become a Nitrogen Emission Control Area. @bresequences of this are investigated
for a 2020 scenario. Model calculations were cdrdet with the air pollution model DEHM (Danish Etikn Hemispheric Model). Results
concerning the concentration levels and the fradtiat can be attributed to ship traffic are présgn
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INTRODUCTION
In Denmark, no location is more than 100 km awaynfithe sea. Thus, pollution from ships plays a sl role for air
pollution in Denmark.

Previous estimates for the contribution from sh@psoncentrations in air over Denmark have beetegquude, because they
were based on available emission inventories fgpsstwhich have a low geographical resolution forigsions at sea.
Furthermore, they were based on simplifying assionpt

However, since 2006 the so-calldditomatic Identification SystefIS) has registered ship activities in Danish imar
waters. All ships larger than 300 GT (Gross Tonhage required to carry a transponder, which trasssimformation on the
ship’s identity and position to land-based recajvstations. This information makes it possible tapnship emissions in
much greater detail than previously feasible. i piesent study this opportunity has been utilisecteate a new emission
inventory for ships in the Danish marine waters.

The new AlS-based inventory of ship emissions heenbcombined with other necessary data and usédsis for new
model calculations of air quality in Denmark. A maibjective of this work was to assess the contiobufrom ships to
concentration levels of various pollutants. For thedelling of concentrations, a new version of #epollution model
DEHM (Danish Eulerian Hemispheric Model) has beppliad — a version with a higher geographical nesoh than the
previous version.

The International Maritime Organisation (IMO) hadopted new regulations in order to reduce pollufiam ships with

sulphur dioxide (S¢ and nitrogen oxides (N@ in the period until 2020. It is also the objeetiof the present work to
investigate the effect of this regulation on aialify in Denmark. This is done through scenaricaktions for air quality
for 2020 based on expected emission reductions.

A detailed report on the study is available (Oleseal, 2009).

THE AIS-BASED EMISSION INVENTORY
Previously, emission inventories for ship emissiese retrieved from the EMEP data base (EMEP, RO0&se data had a
geographical resolution of 50 x 50 km. An examplstiown in Figure a.

The data underlying the EMEP emission inventory lameed on various simplifying assumptions. Howewvéth AIS
technology it is possible to obtain much more aa®udata. AIS data for a representative sampleags$ ¢h 2007 were used
to construct a detailed emission inventory forghigs in Danish waters.

For each single vessel in the AIS dataset, shipgoay, engine type, fuel type, main engine andlauyiengine size were
determined using the technical data from LloydgjiRer as well as various supplementary informatiime vessel sailing
speed is found between each AIS signal. Subseguin@linstantaneous engine load is calculated gusiain engine size
and vessel sailing speed as input. Further, thechressumption and emissions from each vessel ddhedime between two
consecutive AIS signals are calculated by combiréngine size, engine load, time duration between AIS signals,
together with fuel consumption factors and emis$amtors corresponding to the vessel's engine aabtype.

The result is a detailed emission inventory asategiin Figure 1b for the case of S@ appears from the figure that the
new AlS-based inventory in detail shows how thep sioutes appear as well-defined 'roads' at seappssed to the old
method, which has grid cells extending over both aed land, and thus places some emissions frqus sier land. Other
differences are less visible, but have consequeiocate emissions: The previous inventory assutheti the engine load
for ships was constant, whereas the new method ta&eount of differences in emissions, dependinghenspeed of the
ship.
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Figure 1. Ship emissions of 3@ kmp. (a) The previously used inventory, where the sioisis assigned to grid
cells of size 50 x 50 km.
(b) Values from the new, AlS-based emission inventdgth a resolution of 1 x 1 km.

Thus, an important outcome of the study is a nel8-l#fased ship emission inventory for ship traffiddanish waters. Other
studies have also made use of AIS data, notabkadahet al. (2009). It would be of great benefit to the moidgl
community if emission data based on AIS could bdemgenerally accessible.

SCENARIOS

It is important to note that the seas around Dekna@e appointedSulphur Emission Control AreaSECA's). Figure
illustrates the requirements for sulphur conterttiéavy fuel oil, which is the most common marinelfdhe curve labelled
Non-SECA represents the general requirements, afydieverywhere. In SECA's requirements are stridtee Baltic Sea
and the North Sea have been appointed SECA areplenmanted in 2006 and August 2007, respectivelpr Bo 2006, the
sulphur content in fuel used by ships in thesesah@a been assumed to be 2.7%, in accordance wala@bal. (2007).

The study has had to cope with the problem of caingiseveral emission inventories: The detailed-BdSed inventory
applies to the seas closest to Denmark, whiletfgr saffic farther away the available EMEP-baseeentory has been used,

combined with an assumption on sulphur contenugi. fFor land-based sources and air traffic yeewothventories were
used.

The year of 2007 was taken as a baseline scendrile the study considered projections for two fatecenarios: 2011 and
2020. For the future scenarios a number of assomptiad to be applied. It was assumed that:

e The IMO regulations for sulphur and NQvill be implemented as planned. In particularjsitexpected — and
assumed — that the marine waters around Denmatkbwitlesignated &lOx Emission Control AredNECA) as
defined by IMO. The status as NECA requires sevédg dmission restrictions for new ships from 2016.

» Concerning the amount of ship traffic, an annuatéase of 3.5 percent has been assumed for transipgadods
from 2011 and onwards, while passenger trafficsgiened unchanged.

« Concerning land-based emissions, a specific setqfraptions have been used. It is expected thheingar future a
new EU directive on national emission ceilings2620 (NEC directive) will be negotiated. Howevegrthis not yet
an official proposal for the directive. Therefores@nario for emissions from land-based sourc&unope in 2020
has been set up, which is mainly based on emissienarios for EU-27, prepared by the Internatidnstitute for
Applied Systems Analysis (Amarat al, 2008) as part of the preparatory work for a neeCNlirective.

Sulphur content (%)

2005 2007 2009 2011 2013 2015 2017 2019 2021

Figure 2. Limit to sulphur content in heavy fud] according to IMO regulations. The SECA regudat were
implemented in the Baltic Sea in 2006 and in thettN8ea in August 2007. The broken line indicat&¥@which
was the assumed level prior to 2007.
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Figure 3. Fuel consumption (Petajoule) and emissitom ship traffic (ktons) in the waters arounehihark for the three scenario years
2007, 2011 and 2020.

The emission calculations predict a 15% increagaehconsumption from 2007 to 2020 as a resuihofeased traffic (36%
increase for freight ships and unchanged passeraffic), combined with increased efficiency forislengines.

For emissions of nitrogen oxides (W)Qhere is an expected growth of 2% between 20@72820. Without stricter emission
requirements the increase would have correspordétetincrease in fuel consumption.

For sulphur dioxide (S£ a reduction of 91% is envisaged between 20072826, while for primary PMs the reduction is
54%. Primary particles account for only a minocfian of the total amount of particles found in aentb air.

THE DEHM MODEL

The model calculations to assess air pollution eofration levels have been carried out with the i§harEulerian
Hemispheric Model (DEHM) which was developed at NEGhristensen, 1997). DEHM is a Eulerian model tatulates
emissions, transport, chemical and physical preseaad deposition of air pollution in a three disienal grid. The DEHM
model is used in a new version with four nestedigyrihe finest of which has a geographical resmutf 6 x 6 km.
Emissions are added to the model in the lowest$agtgrid cells in the model. The emissions frdmps have been added
to the bottom layers with an even distribution frére surface and up to 170 m height. This simpfeagch has been taken
because of lack of more detailed information ondffiective height of ship emissions.

MODEL RUNS

Several sets of model calculations were carriedroorder to investigate the effect of using diffier emission inventories.
For each emission inventory, two model calculatiose carried out. One model calculation useshaldmissions, while
the other is carried out with a 15 % reductionlirtree ship emissions. The difference between tiesemodel calculations
makes it possible to estimate the amount of ailugoh originating from the ship emissions. Thisthwology has been
preferred over another that might seem naturalu3® a model run without any ship emissions as eraefe. Such an
approach would, however, involve an unrealisticneical regime, and its results could easily be raidieg.

RESULTS IN TERMS OF CONCENTRATIONS

Concentrations of sulphur dioxide

Figure shows calculated concentrations of,3€ferring to, respectively, 2007 (with 1.5% suwlpin fuel) and 2020. The
requirement to sulphur content in 2020 is consiolgranore restrictive than now (max. 0.1% sulphand this is clearly
reflected in computed concentrations for 2020.
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Figure 4. Calculated concentrations of,9@ug/nt. The left panel represents the situation in 2@0&,right panel the situation in 2020. The
impact of ship traffic is clear for 2007, while thds hardly any visible impact from ships in 2020.
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Since 1990, S©emissions from land-based sources have been stibfjareduced, and in the years to come the reoinic
is expected to continue. Scenario calculations sthatvthe S@concentration level for Denmark will decrease odaably
over the period up to 2020, so in 2020 it will feax level of 0.3ug/nt. This is only 6% of what it was in 1990, and
corresponds to 1.5% of the EU limit values.

Concentrations of nitrogen dioxide (NQ)

IMO has adopted regulations of N@missions. In the present study it is assumedthtigamarine waters around Denmark
will become designated a so-calle@®y Emission Control Areas defined by IMO. This implies several restricimn NQ
emissions, in particular for new ships from 2018ew an 80 percent reduction in N@mission is required. There are other,
less demanding requirements to older ships.

However, at the same time an increase in shipidrédfforeseen. The reduction in emissions is rié do completely
outbalance the expected increase in ship traffithe NQ  emission from ships will be slightly higher in ZDghan in 2007.
It is likely that the IMO requirements will resuit lower ship emissions after 2020, but this is thet case for 2020. On the
other hand, according to the scenario for 202Csthee marked changes for land-based sources.

The result in terms of concentrations is seen guiei . NQ leads to formation of N& for which health-related limit values
exist. Figure shows model calculated concentratiohNGQ, for 2007 and 2020, respectively. The large shigpioutes
remain clearly visible, but inland concentratiorexidase. The share from ships to the, M@ncentration level is 21% in
2007, but increases to 34 % in 2020 — becausebdm@ae contribution from other sources is reduced.

It is an interesting result of the calculationstttime concentration of N{On urban background in Copenhagen is expected to
be reduced by fig/m® (from 16 to 9ug/nT) in the period up to 2020. In several highly fiekéd streets in Copenhagen the
EU limit value of 40ug/nT is exceeded (Kempt al, 2008); this fact makes a large drop in backgrolewdls very
interesting.

Concentrations of particles

Emissions of S@and NQ from ships contribute to the formation of secogdaorganic particles. The DEHM model which
is used for calculations of concentrations takeoact of the processes involved. However, theiassfficient knowledge
to describe the formation of secondamganic particles, and DEHM does not account for thesterirationally, this is
recognised as beirgiate-of-the-arfor most current models (see Yttt al, 2009). Accordingly, the DEHM model accounts
only for a certain fraction of the particles foundhe atmosphere, namely the primary and the skrgrinorganic. This part
is here designatedPM, 5 (modelled PM5s).

Figure shows calculated concentration levels oMmBP PM, s can be transported over large distances, wher@asaixd
NO, have a shorter atmospheric lifetime. This is #mson why the geographical pattern in Figure ig déssimilar to the
previous figures. The pollution from ships is ndgible, while it is a dominant feature that polarti from central Europe
gradually declines over Denmark. The share of mP#tributable to ship traffic is 18%, while in tesroftotal PM, 5 the
share from ships is considerably smaller. Relativiotal PM 5 in Copenhagen, the share from ship traffic candbienated
to around 4-7%, depending on whether one constterair in a highly trafficked street or in urbaackground (e.g. a park).

In the time up to 2020 a reduction of the genaraél of mMPM s will take place, amounting to slightly more tham@nt.
This is mainly due to emission reductions for ldraed sources.
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Figure 5. Calculated concentrations of N®ug/n?. The left panel represents the situation in 280 right panel the situation in 2020. There is
hardly any change in the emissions of Ni@m ship traffic between the two years, whileréhare large reductions for land-based sources.
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Figure 6. Calculated concentrations of mRi pg/m?. mPM, s is the fraction of particle mass that can be deilt in the air pollution model.
This is primary particles plus secondary inorgguadicles. The left panel represents the situatid?007, the right panel the situation in 2020.

CONCLUSIONS

One of the main results of the project is that a,ninproved emission inventory for national andemnfational ship
emissions in Danish marine waters has been ediablighe inventory has a spatial resolution ofllkm. The inventory is
based on AIS data. It is recommended that it besdotere practice to use AIS data for ship emission

Between 2007 and 2020 an emission reduction as ér@d% is envisaged in the marine waters arouminagk, in respect

to sulphur dioxide from ship traffic — despite antriease of traffic. This is due to the IMO regwdat. Within the same
period a marginal increase is expected in totaksimns of nitrogen oxides (NQfrom ship traffic, namely by 2% from
2007 to 2020. The S@oncentration level as an average for Denmarkdeitirease considerably in the period up to 2020, so
in 2020 it will reach a level of 08g/m®, which corresponds to only 1.5% of the EU limitues.

The concentration of nitrogen dioxide (B)Gn urban background air in Copenhagen is expetctdx reduced from 16 to 9
pg/nt in the period up to 2020. The reduction is duexpected reductions in NGemissions from land-based sources. For
ship traffic, however, the contribution is esseitiainchanged, because increase in ship traffic amigter emission
requirements balance each other. For Denmark afhiddewthe NQ concentration level is considerably lower than in
Copenhagen, and it will decrease from 5.5 to ar@iBgig/nt from 2007 up to 2020. Presently, as an averagBdomark,
21% of NG can be attributed to ship traffic, but the relatshare from ships will increase in the years upa20 due to
expected reductions for the land-based sources.

A considerable amount of fine particles (P§is of unknown origin. Internationally, this iscagnized as beingtate-of-the-
art. The fraction that can be explained and modeliduere designatetiPM, s, Around 1ug/nT of the mPM s level can be
attributed to ships, both in Copenhagen and gegaralDenmark. Calculations point to a slight deceehg approximately
0.2 pg/n? during the period to 2020.
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