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VERIFYING SHIPPING EMISSIONS BY COMPARING MODELLED AND MEASURED SULPHUR DIOXIDE
CONCENTRATIONS IN THE PORT OF ROTTERDAM AREA

Sef van den Elshduand Cornelis de Giér
IDCMR Environmental Protection Agency Rijnmond, PO Bd8,83100 AV Schiedam, the Netherlands.

Abstract: Shipping emissions are notoriously uncertain tuthe high variability of engines, engine ages arantenance situations and
fuel types. In the port of Rotterdam area shipping substantial source and less understood tligan dominant sources such as industrial
and traffic. Furthermore, where other sectors@meseen to reduce emissions, shipping was expéztesk due to increasing world trade a
slow technology development in the sector (thoughlatter is about to change under influence oppsed IMO regulation). To study the
shipping emission we look at $QContrary to NQ or PM, shipping is the main $Gource in addition to a few stationary sources
(refineries, power plants).

In a previous study we modelled all sources andysed the modelled and measured pollution roses. gdp between measured and
modelled concentrations indicated that,®Missions were underestimated. By looking at thikifion roses, shipping and mainly ships at
berth were identified as the probable cause. Rictm emission inventory was updated, leadingatasterable spatial shifts in emissions.
The new emission inventory is based on actual mea®nts of the position and speed of individugbshiith a high spatial and temporal
resolution. The absolute level of the emissionsididhange substantially. In this study we repdeg &nalysis with the new emission
inventory. We compare measured and modelled pofiutbses to see if the current inventory adequatedgribes the spatial pattern of the
emissions. In addition we use linear regressioragsess whether the modelled (daily averages) fieidshipping, industry correctly
describe the observed variation on a number of toong sites.

Combining the pollution rose analysis and the regjom technique improves the assessment of thertiemission inventory.

Key words: Shipping emissions, $@everse modelling.

INTRODUCTION

SO, emissions and concentrations

SO, concentrations have declined spectacularly inRbtterdam port industrial area over the past 40syédris was mainly
due to dramatic emission reductions in stationatyees (refineries, power plants) and the intraduaadf low sulphur fuels.
The SQ emissions from seagoing ships where rising duettoer stagnating engine and fuel technology i $leator, in
combination with growing world trade. This makegpping an important (and the only growing) souréeS®, in coastal
areas and ports. The introduction of the so-cadlelphur emission control areas (SECA) by the int@wnal maritime
Organisation and the EU in 2007 slowed this emissimcrease as the sulphur content of fuel waddinio 1.5%. The
proposal to reduce S-content in fuel to 0.1% by 22Gbhould result in a further reduction of S@vels. Current
concentrations in the Rijnmond area are around 103and pose no environmental problems. The regioBaln$onitoring
network that once comprised over 30 monitoringiatat has now been scaled back to 8 sites.iS@ known precursor for
secondary inorganic aerosol. Test simulations witthemical transport model indicate that reductiohthe current S©
would decrease the P concentrations in the port area with 0.1 [fgomly (Weijers pc.). As such the $€oncentrations
are of minor concern. However shipping is a soofagncern and we use $@&s an indicator to analyse shipping emissions.

Emission uncertainties

The Netherlands relies heavily on air quality médglfor its annual air quality reporting obligati® to the EU. Modelling is
done on a 1x1 km scale by the national assessrgenty (see: www.pbl.nl/nl/themasites/gcn/ indexIhtirocal authorities
use these 1x1 km concentrations as backgroundefailed local modelling of industrial point souraasroads. These two
sources categories have attracted considerabigiattend research over the past decade. In theopRotterdam industrial
area the situation is more complex. There are nomsesmall and big sources and not all of them alekmown. Shipping is
a substantial source, but one with relatively latmgeertainties. The location of the emissions, rtimeagnitude and the
dispersion characteristics are poorly known. DCMRe thgional EPA, and national organisations areaboliating to
improve the knowledge of this important source.didetl modelling of shipping emissions in the pdrtRmtterdam area
started in 2002 with the Urbis model. Elshetital. (2005) concluded that shipping was responsibleséone 30% of the
regional NQ emissions and for concentration contributionsaip@% of NQ (depending on the location). In this paper we
briefly describe recent developments in descrilihig shipping emissions and, in particular, we presemodelling study
that was done to assess how well the current esnissiescribe the monitored S€ncentrations.

Improving the assessment of shipping related air plution
Theimprovement in the assessment of the impact frappgig was approached from different angles:

- Duyzeret al, (2006) used shore-based measurements to evdtesgenission factors of ships entering the port of

Rotterdam. The emission factors in use for,M@re correct and those for RMvere found to be slightly too high.

- Hulskotte and Dernier van der Gon (2010) improgetdssion estimates for ships at berth.
- Tak and Hulskotte (2008) used ships’ transporttida to identify the exact place of the emissiars] derive other
emission characteristics e.g. type, actual spaggine, age, etc. Emissions are directly proportidoaspeed so this study
improved the emission assessment. This study coedirthat the spatial distribution of the emissibad become outdated
over the years. The port activity had mainly grawithe western, deepwater, part and had (relafivddgreased in the more
inland part of the port. Figure 1 shows an exangblthe differences in modelled N@oncentrations using the old and the
new emissions database.
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Figure 1. Influence of updated shipping emissioreiriory on NQ concentrations

Though advances in the emission inventory conteiliata better assessment of the impact of shippirgknowledge on
how to model the dispersion of shipping emissidss aemains inconclusive. DCMR evaluated the appreséh use and
found substantial differences in the results. Thas led to a national working group that is culyenmnaking
recommendations on how to model shipping emisdimnegulatory purposes in the Netherlands.

Aardenneet al. (2002) compared model calculations and measurenterdassess the accuracy of emission inventories. D
Gier et al. (2008) compared wind direction dependent measanedmodelled SOconcentrations in the port of Rotterdam
and observed substantial deviations. From the fiofiuroses they concluded that the emissions gissht berth were
probably underestimated. With the new informatibat thas become available we decided to verify éf émission update
better described the observed measurements. D@0BY ) describes linear regression as a basic dataridation tool that
removes model bias. Laupstal. (2009) apply multiple linear regression (MLR) is@urce apportionment study. Similarly
we apply an MLR to estimate to what extent the mledeconcentration fields (daily averages) of tloeirse categories
(shipping, point sources) describe the measurdy aeérage concentrations.

METHODOLOGY

Monitoring stations
In this study the data of six monitoring statiofisDCMR EPA in the Port of Rotterdam area are usedr Bbthem are

located on the north bank of the river, and twohefm on the south bank. Data from two backgrounditoong stations of
the National Air Quality Monitoring Network are usas well. See Table 1 and figure 2.

Table 1. Characterisation of monitoring stations

Name Type SQ sources with substantial impact on S@concentrations

Botlek Harbour Located on major shipping route€) B0northeast of harbour Botlek: refineries and
ships; 400 m north of 3e Petroleumhaven: refineareb ships

Hoek van  Shipping and East of the entrance of Port of Rotterdam; 5 km efaste Maasvlakte harbour, the

Holland background harbour where the largest ships arrive.

Maassluis  Urban background 240 meters northeasggr shipping route; 2.3 km northeast of harbour
7°Petroleumhaven: ships

Pernis Urban background 1 km east of harbour: smpsrefinery; south and west of shipping route ladbour

Schiedam Urban background 2.5 km north of majgoshg route; 2.0 km north and northeast of harbours

Vlaardingen Urban background 630 m northwest of major shippinge; 1.3 km north west of 1e and 2e
Petroleumhaven: refinery and ships

Schipluiden Background About 11 km north of the RdfRotterdam area.

Westmaas  Background About 14 km southeast of theoP&otterdam area
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Figure 2. Location map monitoring sites and, pOint sources

Sources

In the previous study (De Giet al, 2008) we modelled several source categories ithaily and observed a large gap
between measured and modelled concentrations ifigim 25 to 55% of the measured concentrationaAalysis of the
wind directions with the greatest differences painto ships at berth. In Table 2 we summarize ¢alts but this time we
use shipping concentrations based on the improwads@n inventory. The gap is still large (betwehto 47%) but the
variation is smaller, indicating an improved geqidpia distribution of the emissions.

The two background sites (bottom part of the tadifie)w that there is a difference in the backgrocomtentrations, with the
northern site being higher than the southern orith Wdminant winds from the south-west this is agai indication that the
local sources are underestimated, or (less likéhgt there are unknown sources in the port-indlsirea. Apparently 1.2
pgm? is the true background concentration once we cbfee local influences. In this study we thereféweus on shipping
and local industrial point sources and treat tis¢ as background.

Table 2.Year average results of the first modelfingly (de Gieet al, 2008); shipping data based on the 2008 andutirert study.

Modelled SQ concentrations 2005 (g SO, concentrations 2005 (UG

local | other|ships at sailing| sumall | measured back- sum of |Gap measured

point |sources berth ships| known ground sources +| - modelled
Monitoring site| sources new new [sources new backgroung
Botlek 25 1.6 2.9 1.6 8.5 17.0 9.7 7.3
H. van Holland 15 1.6 25 2.7 8.3 14.0 9.5 4.5
Maassluis 1.2 14 1.9 1.8 6.3 13.0 7.5 5.5
Pernis 2.0 15 2.1 11 6.7 12.0 7.9 4.1
Schiedam 2.1 14 1.7 0.9 6.2 140 7.4 6.6
\Vlaardingen 2.5 1.4 2.1 1.4 7.4 15.0 8.6 6.4
Background sites:
Schipluiden (N} 1.1 15 0.9 0.9 4.4 7.3 2.9 5.6 1.7
\Westmaas (S) 0.5 1.8 0.5 0.3 3.1 4.3 1.2

Dispersion models

STACKS (Erbrink, 1995) was used to model the indaispoint sources and the shipping emissions @gkas point sources
in a 100 x100m grid). We used a custom version ldapaf producing hourly output of relevant parametand
concentrations. The meteorology used was obtaireed Rotterdam Airport. Since the study area is ckosthe sea, this
meteorological dataset might not be correct fonthele area: wind speeds tend to be higher neardast (this would have
resulted in even lower calculated concentratiorts.iman Holland).

In the previous study shipping emissions were niedalsing generic information on stack height ardtttapacity. With
the use of the transponder data based emissiobad@tg Tak and Hulskotte, 2008) information aboet ship type and
engine was available. This way the heat capacitydcbe differentiated in different areas of thetpteading to a further
improvement of the modelling. The use of individehip emissions (> 2 million records) was not polesso the data were
clustered into six classes based upon size andofygi@p to estimate the heat capacity per class.
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Table 3. Heat capacity per ship class (type and$sf@nnage) main engines

Exhaust heat capacity Exhaust heat capacity
Size Type sailing (MW) manoeuvring (MW)
< 10000GT  OQil tanker, other tanker, bulk carrier 465 0.185
> 10000GT  Qil tanker, other tanker, bulk carrier oau 0.621
<10000GT  Container ship, general cargo 0.551 0.196
>10000GT  Container ship 2.785 2.902
< 10000GT Roro, reefer, ferry, other 0.184 0.092
> 10000GT Roro, reefer, ferry, other 1.025 0.541

Generally the heat output for manoeuvring is lothan for sailing. This is not always the case asesships use the service
of tugboats. The heat capacity for ships at beeh derived from the fuel use. The stack heightestisnated at 25 m (same
as used in the previous study) and was not differed per type. The Total S@missions in both studies were 1797, 467
and 3204 ton per year for sailing, manoeuvring irigs at berth respectively.

RESULTS

The measured pollution roses corrected for theiémite of stationary sources pointed to port areasarces of SO See
figure 3. The corrected line (black) points towatdgbour areas with ships at berth. In the graplesinfluence of the
refinery (east of Pernis, and southeast of Schig¢damemoved from the measured pollution rose (rel#nce our attention
to shipping, and in particular to ships at berthwk subtract the modelled shipping contributiomsl ahe industrial
contributions from the measured concentrations btaio a residual concentration that has virtudlly same shape as the
pollution rose including the shipping but withobetpoint sources (blue line). This is particulastyong in the Maassluis
graph. This further suggests that we could be wstienating the shipping concentrations.
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Figure 3. pollution roses showing measured, anduas(measured — modelled) concentration distidimst

In the updated emission inventory the regionalespntation of the emissions improved though thelgdween modelled
and monitored data remains substantial. Similaslyvork by Laupsaet al. (2009) and Denby (p.c.) we applied multiple
linear regression to see if the modelled fieldslydaverages) for ships at birth (SB), manoeuvrihgps (MS), sailing ships
(SS) and industrial point sources (IP) could exptae unaccounted emissions. A correlation matrbhe modelled shipping
concentrations showed high correlations betweenr8BvS. The correlation coefficient with SB or MS &8 was still 0.5.
This lack of independence of the variables makelipieilinear regression complicated, hence a tsitébping (TS) variable
was defined as well. The correlation between ship@ind industry was fortunately very low. Spatidhg activities occur
side by side in some parts of the port so the poliuroses alone are not the best instrument tdyseahe source
contributions. The daily averaged concentration (2¢) is calculated as the observed concentration given point (C)
minus the minimum of the two background concerdretiat that point (corrected for industrial angplrig contributions in
the background). So:

Cs=C-G and G=min (CBSchipa Gawes) 1)
gSchipz CSchip‘ CSchipIP_ CSchipTS and Cawest= Cwest Cwestp— Gwestts 2

with

The regression model to be fitted is:
=Bl +p2*IP + p3*(SB+MS) +p4*(SS) or G=p1l +p2*IP + p5*(TS) 3)

One could argue whether an interceffit £ 0) is justified. This assumes that there couldotieer unknown sources that
explain part of the concentration gap. We tried aetedoth with and without an intercept. The resaits shown below. The
models with intercept opt for a very high intercaptd low regression coefficients as industry arigghg have only small
explanatory relevance. See table 4. presentingetiression results.
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Separating sailing ships and ships at berth, egulh negative coefficient for sailing ships. Tisismpossible and due to the
strong correlation between the shipping variableshe regression is forced with a zero intercepg regression model

indicates that the industrial sources are appradipmaorrect and that the shipping emissions ametgstimated. Again it

was not possible to separate ships at berth fraimgahips: the regression coefficient for sailisigips in the third model is

too low to be trustworthy.

Table 4. Regression results of models in equation 3

Model \ coefficients p1 B2 B3 p4 B5 RMSE

Intercept 6.3 0.8 1.5 -0.9 9.1
6.3 0.9 0.7 9.2

No intercept 0 1.1 2.5 0.1 9.7
0 1.2 1.7 9.8

CONCLUSIONS

We studied S@concentrations in the port of Rotterdam area tafywér shipping emissions are accurately estimatas.
there are few sources of $@is is much easier than analyzing N&@ PM,, emissions related to shipping. A 2008 study
suggested that ships at berth could be resporfsiblae gap between measured and modelled contiensaWe repeated
the analysis using a much more detailed emissiganitory. Though this narrowed the gap a bit andiced the spatial
variation of the deviations, a considerable gapaiaeed. Linear regression and the pollution roseh aggest that this is
shipping related. The results are not clear endaglifferentiate between ships at berth and sa#imgs.
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