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Executive summary

Restrictions limiting the Sulphur Oxides (SO,) emissions of ships went into force following MARPOL Annex VI on
19" of May 2005. Restrictions were set on the fuel sulphur content (FSC) in mass sulphur per mass fuel (m/m)
allowed, limit starting at 4.5 % m/m and were stepwise reduced to 0.5 % m/m since 2020. Specific Sulphur Emission
Control Areas (SECA) were defined, where the FSC is furthered limited to 0.1 % m/m nowadays.

Within EU-project SCIPPER a large amount of FSC measurements data have been gathered. These FSC data are
calculated from high-end measurements of SO,, CO, and NO. Long term (> year) data sets have been collected in
Hamburg (Germany), Kiel (Germany), Rotterdam (the Netherlands) and Plymouth (United Kingdom, Penlee Point
Atmospheric Observatoty, PPAO). Furthermore, short term data (S2 months) have been collected in Oresund
(Denmark) and at campaigns in Marseille (France) and in the Western English Channel (United Kingdom, Campaign
5, C5). All this data is collected and available in an open access database within SCIPPER D2.6. Please note all data is
anonymised so that FSC measurements cannot be allocated to a specific ship. The time periods available in the
database for the different location is given in Table |-1.

Table I-1: Description of the station type, temporal measurement resolution and time period present in the
database.

Rotterdam Long term I 10-2019 till 07-2022!
Hamburg Long term 5 05-2019 till 04-2022
Kiel Long term 10 05-2019 till 04-2022
Plymouth (PPAO) Longterm 602 02-2019 till 10-2021
Plymouth (C5) Campaign I 19 and 22 May 2022
Oresund Campaign | 11-2021 and 12-2021
Marseille 2019 Campaign I 17 till 20 Sept 2019
Marseille 2021 Campaign I 5 till 22 July 2021

The long term timeseries showed that FSC values were most of the time below the 0.1% m/m FSC limit. The fairly
low measured FSC values, often well below the 0.1% m/m, indicates a possible negative biased in the data as was
already noted in SCIPPER D2.3. The compliance rate was high for all location (296%). Lowest compliance rate was
found in Kiel (96.5%), which was mainly caused by two sister ships calling on the harbour regularly and showed high
FSC values in 2019 and the first half of 2020. In the monthly average FSC values (FSC) a clearly decreasing trend can
be observed over time (see Figure 1). This trend is caused by the increasing compliance rate over time.
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Figure |: Monthly averaged FSC values per location.

The data collected within campaigns in Marseille in 2019 and 2021, clearly shows a decrease in measured FSC. This
is to be expected, since the FSC limit was in January 2020 decreased from 3.5% to 0.5%. Measurements on the
Western English Channel close to the SECA border (carried out on a ship itself) showed two vessels out of the 39
measured to be non-compliant.

The following conclusions can be drawn from these results:

L In this time period data from 17-6-2020 till 23-2-2021 are excluded due to issues with the NO monitor as well as data
from 27-5-2021 till 31-5-2022 due to a different SO2 monitor with a different time response.

260 s is the temporal resolution used in data analyses, stored data have a temporal resolution of 1 's, 10 s and 1 minute for
COz2, SOz and NO respectively.
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e Over |7 000 FSC measurements are collected within the SCIPPER data base.

e The FSC compliance rate is high (>96%) for all locations.

e General trend is that the detected FSC has decreased over time, which is caused by an increase in the
compliance rate. However, this trend is not visible in the data of the port of Rotterdam, which has the
highest amount of data points. The decrease of FSC over time for the other locations, does show that
possibly on-shore measurements lead to a higher compliance rate. More research is needed to verify this.

¢ No clear differences in FSC compliance rate of inbound and outbound vessels are found.
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List of abbreviations

AlIS - Automatic Identification System

BC — Black Carbon

BSH — German Federal Maritime and Hydrographic Agency
C5 — Campaign 5 within SCIPPER

CH, - Methane

CO, — carbon dioxide

d, — particle diameter

EU — European Union

FSC — Fuel Sulphur Content

FSC — Monthly averaged Fuel Sulphur Content

H — Hamburg (measurement location)

IMO - International Maritime Organisation

K — Kiel (measurement location)

MARPOL - International Convention for the Prevention of Pollution from Ships
NO - Nitrogen monoxide

NO, - Nitrogen dioxide

NO, — Nitrogen oxides

O - Oresund (measurement location)

O; — Ozon

P — Plymouth (measurement location)

PM — Particulate Matter

PML - Plymouth Marine Laboratory

PPAO — Penlee Point Atmospheric Observatory

R — Rotterdam (measurement location)

RoRo — Roll on Roll off ships

SCIPPER - Shipping Contributions to Inland Pollution Push for the Enforcement of Regulations (EU project)
SECA - Sulphur emission control area

SO, — Sulphur dioxide

SO, — Sulphur oxides

TNO - Netherlands Organisation for applied scientific research
TROPOMI - TROPOspheric Monitoring Instrument
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I Introduction

Global restrictions limiting the Sulphur Oxides (SO,) emissions of ships are regulated according to IMO MARPOL
Annex VLI.. The restrictions are applied on a maximum Fuel Sulphure Content (FSC) by mass percentage. However,
alternatively, the use of an exhaust cleaning system (known as Scrubbers, is permitted to comply to the Sulphur limit.

The first step of the FSC restriction entered into force on the 19" of May 2005. The maximum FSC allowed globally
was set to 4.5% m/m. Further restriction entered into force in 2012 and 2020 limiting the maximum FSC globally
allowed to 3.5% m/m and 0.5% m/m respectively. A timeline of the regulation of the FSC limit over time is given in
Figure 1-1. Besides the global restrictions, more stringent FSC limits were set for Sulphur Emission Control Areas
(SECA). The initial limit on the 19" of May 2005 was set to |1.5% m/m and the Baltic Sea was amongst the first SECA.
The North Sea and English Channel were included in SECA as of | I™ of August 2007. Within SECA the FSC limit
was capped at 1.0% m/m from the |I* of July 2010 and as of |** of January 2015 further reduced to 0.10% m/m.

Global marine fuel sulphur limits
- percent by weight

5.0% July 2012

4.5% from 4.5% to 3.5%

a0% an 2020

3.53‘6 rom 3.5% to 0.5%

3.0%

25%

7 0% July 2010

153 from15%tol.0%  j3n 2015

1.0% from 1.0% to0.1%

0.5%

0.0%

2005 2010 2015 2020 2025
Year
Sulphur emission control areas [SECA) — Global non-SECA

Figure 1-1: FSC regulation over time global and within SECA (source: SCIPPER D5.1)

Ships that do not comply with the FSC restriction of an area can be fined. In order to verify that ships comply to the
regulation, fuel samples must be taken by port state control authorities. Authorities are obliged, by the European
Commission, to carry out inspection of at least 10% of the ships that call on the port that year (EU 2015/253 article
3). Within SECA , on at least 40% of the inspected ships a fuel sample must be taken and analysed (i.e. at least 4% of
the ships that call on the port) . When possible non-compliancy is verified by using remote sensing technologies, the
number of samples to be taken can be reduced by up to 50% (i.e. at least 2% of the ships that call on the port).
Remote sensing technologies to measure the FSC have been around for the last decade (among others Beecken et
al,, 2014, Kattner et al., 2015). In this study we focus on on-shore measurements. High-end monitors measure the
concentration of sulphur dioxide (SO,) and carbon dioxide (CO,) in the air from on-shore installed monitoring sites.
From the ship exhaust funnel a plume of SO, and CO,, among other substances, are emitted into the atmosphere.
This plume is transported by the wind in the atmosphere and gets diluted by ambient air before it reaches a
measurement station. The level of dilution is not important as long as the remaining concentrations fall within the
measurement range of the used measurement system. The FSC values can directly be calculated form the ratio of
SO, and CO, (where SO, is a measure of the amount of SO, present in the fuel and CO, a measure for the amount
of fuel being used).

Within SCIPPER on-shore measurements took place at different locations in Europe. At some locations plume
measurement data is collected throughout the project for a long period of time (>| year). These measurements
occurred at ports in Hamburg (Germany), Kiel (Germany), Plymouth (United Kingdom) and Rotterdam (the
Netherlands). Besides that, also different measurement campaigns were undertaken, included in this database are
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campaigns in Marseille (France), Oresund (bridge between Denmark and Sweden) and in the Western English
Channel (United Kingdom).

In this report we describe the collected plume data that is available in the database. The main goal is to see if there
is a trend in the FSC data gathered within SCIPPER. Also the differences in FSC data gathered in Marseille before
and after the further restriction of the FSC limit to 0.5% m/m is studied (before January 2020 the FSC was limited
to 3.5% m/m. Lastly, it is investigated whether there is a difference in the compliance rate between in and outbound
vessels. As a background, the location where the data is gathered and the installed equipment are briefly described
in Section 2. A short description on how the data analysis occurs, is given in Section 3. The data analysis is described
in more detail in SCIPPER deliverable 2.3. Some main findings of the FSC measured in the different locations are
described in Section 4, followed by conclusions and recommendations in Section 5.

The SCIPPER Project - 814893 9125
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2 Measurement set ups

In this section we will describe the different measurement set-ups of data monitoring for the different locations:
Hamburg, Kiel, Plymouth, Rotterdam, Oresund and Marseille. An overview of the measurement locations is given in
Figure 2-1. On overview of the measurement sites and time period measured is given in Table 2-1. Long term
monitoring locations refer to more or less continuous monitoring for more than one year, as done in Hamburg, Kiel,
Plymouth and Rotterdam. Campaign refers to specific SCIPPER campaigns, in general aimed at comparison of a
number of remote sensing techniques. Included in the database are measurements from Marseille, Oresund and
Plymouth.

Oresund

‘Kxel

JHamburg

‘Rotterdam

‘Plymouth

Marseille

Figure 2-1: Map with all the on-shore shipper measurement locations. In yellow long term monitoring locations (data
collected >1 year) and in blue campaign measurement locations (data collected up to 2 months).

Table 2-1: General description of the quantities measured and time period present in the database (note only FSC is
reported in the database).

Rotterdam Long term SO,, CO,, NO | 10-2019 till 07-20223
Hamburg Long term SO,, CO,, NO, NO,, NO,, 5 05-2019 till 04-2022
O;, particle size distribution
Kiel Long term SO,, CO, NO, NO,, NO,, 10 05-2019 till 04-2022
O; particle size distribution?

Plymouth (PPAO) Long term SO,, CO,, O;, CH, 605 02-2019 ill 10-2021
Plymouth (C5) Campaign SO,, CO, CO, CH,4 I 19 and 22 May 2022
Oresund Campaign SO,, CO, CO, CH, | 11-2021 and 12-2021
Marseille 2019 Campaign SO,, CO, NO I [7 till 20 Sept 2019

Marseille 2021 Campaign SO,, CO,, CH,, NO, NO,, | 5 till 22 July 2021
NO,, PM, BC

% In this time period data from 17-6-2020 till 23-2-2021 are excluded due to issues with the NO monitor as well as data
from 27-5-2021 till 31-5-2022 due to a different SO2 monitor with a different time response.

4 From September 2021 onwards.

560 s is the temporal resolution used in data analyses, stored data have a temporal resolution of 1's, 10 s and 1 minute for
COz2, SOz and NO respectively.
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2.1 Hamburg - Long term monitoring

The German Federal Maritime and Hydrographic Agency (BSH) operates a ship emission measurement station in the
approach to the Port of Hamburg. The measurement site is located in Wedel at the north-east side of the Elbe river,
about 10 km downriver of the port entrance (see Figure 2-2). The site was already set up as a research station in
September 2014 to study the emission behaviour of passing ships. In 2017, the measurement station has been set in
an automated operational mode for the measurement of ship plumes to support the prosecution of violations under
MARPOL Annex VI.

The measurement station is equipped with a Sniffer system consisting of measuring modules for the trace gases SO,
(HORIBA APSA-370), CO, (Licor Li-840A), NO, NO, and NO, (all HORIBA APNA-370), and O; (HORIBA APOA-
370). All gas concentrations are recorded 24/7 with a temporal resolution of 5 seconds. Every 25 hours the
measurement is interrupted for 30 minutes to perform automatically an internal function control (zero measurement
followed by a SPAN gas measurement) to check the Sniffers performance and potential instrument drift. Calibrations
with external certified gas cylinders are performed usually two times a year (spring and autumn) to verify the internal
function control. Additionally, a weather sensor (LUFT WS700-UMB) records the meteorological conditions with
the same temporal resolution as the trace gases. Vessel identities and movements within a radius of approx. 15 km
around the station are recorded in real time with an AIS receiver (Watcheye RAIS).
Sometimes also a second sniffer (mlu-recordum airpointer) is operated at the measurement site in parallel for
validation purposes. As part of the SCIPPER project, two particle sizers (TSI FMPS 3091 + OPS 3330) have also been
permanently operated at the measuring station since September 2020, which measure the particle size distribution
(5.6 nm < d, < 10 pm) in ship plumes with a temporal resolution of | second. However, these measurements are
not part of this deliverable.

All the measurement data described above are automatically transmitted to the BSH every hour for analysis. The
detected plumes are assigned to the passing ships and the FSC is determined, among other parameters. For the
SCIPPER project measurement results are available since the start of the project in May 2019 until the end of the
reporting period for this deliverable in April 2022, with only some short interruptions due to technical issues and
maintenance.

w10 km to Hamburg
1 _»_\\,_ =

Figure 2-2: BSH operated ship emission measurement site at the entrance to the Port of Hamburg, Germany, (left).
The Sniffer devices are installed on a balcony about 7 m above sea level (right). Ships pass the measurement station
at a distance of approx. 250 - 600 m.

2.2 Kiel - Long term monitoring

Following the experience made with the measurement station in Wedel/Hamburg (see Sec. 2.1), in May 2018 the
BSH set up another ship emission measurement station at the east coast of the Kiel Fjord. The station is located on
a military site about 4 km north of the eastern entrance/exit of the Kiel Canal (see Figure 2-3).

The sniffer used in Kiel (recordum-mlu airpointer) also measures the trace gases SO,, CO,, NO, NO,, NO, and O;
with the same physical principle as in Wedel and with a comparable measurement quality, but with a temporal
resolution of 10 seconds. Again, the continuous measurement is interrupted for 30 minutes every 25 hours in order
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to carry out an automatic function check of the sniffer (zero and SPAN). For the biannual calibration with external
calibration gases, the same certified gas cylinders are used as at the measurement station in Wedel. The additionally
needed meteorology (LUFT WS700-UMB) and the AlS signals (Watcheye RAIS), are recorded in the same way as in
Wedel. Since September 2021, two particle size spectrometers have been used in Kiel that are identical in
construction to the sensors used in Wedel. But again, these measurements are not part of this deliverable and are
presented in Deliverable 2.3. After the hourly data transmission of the measured data from the measurement station
to the BSH, the data analysis is carried out with the same software that analyses the data from the other fixed BSH
ship emission monitoring stations in Wedel and Bremerhaven (established in 2017). Therefore, also from the Kiel
monitoring station measurement results from May 2019 to April 2022 with only a few short interruptions due to
technical problems and maintenance work can be provided for the SCIPPER deliverables D2.5 and D2.6.

T km to T
Baltlc‘Sea /

Kiel Canal'dw,’

Figure 2-3: BSH operated ship emission measurement site on the east coast of the Kiel Fjord about 4 km north of
the entrance/exit of the Kiel Canal (left). The sniffer devices are installed into a shelter which is placed on a military
loading pier with the gas inlet about 5 m above sea level (right). Ships pass the measurement station at a distance of
approx. 300 - 650 m.

2.3 Western English Channel

In the Western English Channel long-term measurements occurred at the Penlee Point Atmospheric Observatory
(PPAO). Additionally measurements took place on the English Channel itself during SCIPPER Campaign 5. A
description of both the PPAO and Campaign 5 are given below.

2.3.1 Penlee Point Atmospheric Observatory — Long term monitoring

The Penlee Point Atmospheric Observatory was established by the Plymouth Marine Laboratory in May 2014 for
long term observations of ocean-atmosphere interaction. The observatory is only a few tens of metres away from
the water edge and | Im above mean sea level. At the mouth of the Plymouth Sound, the site (50° 19.08' N, 4° | 1.35'
W) is exposed to marine air when the wind comes from 110° - 240°. Typical south-westerly winds tend to bring
relatively clean background Atlantic air. In contrast, winds from the southeast are often contaminated by exhaust
plumes from passing ships.
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Figure 2-4: PML operated PPAO showing the observatory hut and 12 m sampling mast where winds and gas inlets

are mounted. Electronic equipment and analysers are situated in the hut. Map showing the location of PPAO within
the western English Channel.

Continuous gas phase measurements at PPAQO include concentrations of SO,, ozone (O3), CO,, and methane (CHy)
in air. Aerosol number (>0.003 um diameter), size distribution (0.24-18.5 pym diameter), composition (major ions,
organics, and trace metals) and meteorology are also measured. SO, is measured by a Thermo Scientific model 43i
Trace Level-Enhanced Pulsed Fluorescence SO, analyser. Os is measured by a Thermo Scientific model 49i UV
Photometric O; analyser. CO, and CH, are measured by a Los Gatos Research Fast Greenhouse Gas Analyser. Long
term dataset of PPAO is available online (Plymouth Marine Laboratory; Yang 2017).

2.3.2 Campaign 5

Campaign 5 (C5) took place between 18 — 22 May 2022 within the western English Channel (see Figure 2-5), close
to the western border of the SECA. The fieldwork utilised the research vessel of the Plymouth Marine Laboratory,
RV Plymouth Quest, a 21 m converted trawler.
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Figure 2-5: The location of Campaign 5 showing the focus of the fieldwork on 19 May 2022 ( )
and 22 May 2022(southern separation zone). Track of the RV Plymouth Quest is shown in yellow, and the ECA border
as a dashed white line. Selection of location was based on the direction of the wind: winds from southwest on 19 May;
northeast on 22 May.

The vessel was equipped with a sniffer system aimed at measuring CO,, CH,, NO, NO,, and NO,. In addition to
these gas species, the sniffer setup also had particle matter instrumentation; the instrumentation was setup within
the fish-hold of the RV Plymouth Quest. The sniffer consisted of the standard Chalmers system running in parallel
with the laser sniffer system described in deliverable 2.3.
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Figure 2-6: Instrument setup on the rear of the wheelhouse of Plymouth Quest, with gas and data lines entering the
fish-hold on aft-deck. Within fish-hold, the multi-instrument setup of the Chalmers sniffer.

The strategy adopted for C5 was to sample the plumes of as many ships as possible close to the entrance / exit of
the SECA. For the purposes of this review, the major measurements were taken with the sniffer setup for SOx,
NOx and particles; DOAS measurements were also taken with the aim of comparing the surface signal with that
from the TROPOMI satellite. The focus in this deliverable is however on FSC, so the SO, and CO, concentration
measurements.

2.4 Rotterdam - Long term monitoring

In Rotterdam TNO (Netherlands Organisation for applied scientific research) has a sniffer system which is mounted
in a lighthouse tower. The tower is located on an island in between two waterways (see Figure 2-7). This ensures
that the number of vessels measured on this location is very high, since from almost all wind directions vessels can
be reported (which waterway is sampled is determined by the wind direction). On the other hand, maintenance to
the equipment is more time consuming and troubleshooting right away is not always possible. Measurements at this
location started in October 2019. Every month more or less 1000 ships plumes are measured, given that there are
no other problems with the monitors or data analysis.

The sniffer system draws air from ten meters above the ground of the island to the instruments in the tower (Figure
2-8). At the same time wind speed and direction are measured at approximately 10 m above ground by a Vaisala.
The SO,, NO and CO, monitors measure the concentrations in the outside air continuously with a | Hz frequency.
For SO, a Thermo Scientific model 43i is used. For NO a Thermo Scientific model 42i is used. Note that this monitor
is set to only register NO, since the NO concentration is necessary for the correction of the SO, signal (which has
a small cross-interference with NO). The CO, concentration is measured by a Licor 7000.
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Figure 2-7 Measurement location in the port of Rotterdam, the Netherlands (left). The equipment is stationed in the
lighthouse (right).

The dataset at Rotterdam starts from 10 of October 2019. This is when the station was put on the island. Before
that is was located on the north side of the river Maas, data of this is available but for consistency we only look at
the data from collected on the island in this study. Two data periods are excluded from the dataset (also for
consistency). A period from 16-6-2020 up to 22-2-2021 was excluded due to issues with the NOx monitor. The
absolute value where not trustworthy during this period. Back-up NO, monitors available as replacements, turned
out to also have issues, so a new NO, monitor was ordered. Since the NO concentration is used for correcting
the SO, signal (due to sensitivity to NO) the FSC value can be slightly altered. Also the time period from 26 of
May 2021 to the 31* of May 2022 is excluded from the dataset. During this time period issues arose with the SO,
monitor. A back-up SO, monitor was used during this period, while the monitor was being serviced. However, the
flow rate and therefore the response time of this back-up monitor was different. This can also slightly alter the FSC
values. Since the objective of this study is to analyse trends in the FSC data set these data are not taken into
account.

Figure 2-8 Measurement instruments in the tower in the port of Rotterdam, with from top to bottom the computer,
CO2, NO and SO2 monitor.
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2.5 Oresund - Campaign

In November and December 2021 Chalmers University installed a laser sniffer system inside a mobile trailer near
Oresund. The installation was made at the artificial island of Peberholm, which is part of the Oresund bridge and is
located around 1.8 kilometres from the main shipping lane crossing the Oresund strait between Sweden and
Denmark (see Figure 2-9). The sniffer measured CO,, SO, CO, and CHj, at a sampling period of | second, and was
complemented with wind and AIS data. The measurements were calibrated with reference gas cylinders
approximately every week. Due to the relatively large distance from the shipping lane, sniffer measurements at this
site have been somewhat challenging. Fortunately, the high sensitivity of the laser sniffer system (especially for SO,)
and favourable wind conditions, still allowed the detection of several plumes with an acceptable signal to noise ratio.

Figure 2-9: Chalmers measurement setup at the Oresund site. Top-Left; the Laser instruments and the reference gas
cylinders Top-right; the measurements trailer with the inlet located approximately 6 meters about the sea level.
Bottom; installation location.

2.6 Marseille - Campaigns

During September 2019 and July 2021, stationary sniffer measurements were carried out by Chalmers University
nearby La Joliette Ferry Terminal at port of Marseille. Due to the location of the site, the measured sources mostly
consisted of roll on/ roll off passenger ships (also known as RoRo ships).

During the 2019 campaign, the sniffer consisted of the Standard Chalmers system (described in more detail in
deliverable 2.3). On the other hand, in 2021, in addition to the standard system, the laser sniffer system was
measuring in parallel as described in the previous section and deliverable 2.3, measuring CO,, CH,, NO, NO,, and
NO, at a sampling rate of | second. The gas data was complemented with particulate matter and black carbon
measurements which were combined with AlS and wind data

These two periods presented a unique opportunity to observe ifthe FSC compliance rate changes before and after
the implementation of the stricter IMO 2020 regulation (FSC limit further restricted from 3.5% to 0.5% m/m).
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Figure 2-10: Chalmers measurement setup in Marseille (France). Top-Left; Particle and gas instrumentation. Top-
right; the measurement container with the inlet located approximately 6 meters about the sea level. Bottom;
installation location.
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3 Data analysis and content

In this section first the data analysis carried out on the data is described. Secondly, the content of the database is
described.

3.1 Data analysis

A detailed overview of the data analysis used by the different group is given in SCIPPER D2.3. Below a brief
description follows with the main steps to calculate fuel sulphur content from concentration measurements of SO,,
CO, and NO. Note that by PML (gathered from the harbour of Plymouth) the FSC values are not determined per
ship plume, thus they use a different data analysis approach.

The approach of the data analysis is schematically depicted in Figure 3-1. A plume is first selected from the gas
concentration measurements. After that an integral is taken over the complete plume for all gasses, subtracting the
background level. The SO, monitors are also sensitive to NO. Therefore, from integral of SO, a percentage of the
NO integral (typically 0.8-1.5%) is subtracted. The FSC is calculated using (among others Balzani Loov et al., 2014
and Beecken et al., 2014, Kattner et al., 2015):

FSC = 0.232 X M'
[ C0,-C0, e dt

Where SO, g is the SO, background level and CO, g is the CO, background level. The found FSC is allocated to
a ship passing the station by using the AlS signal and the meteorological conditions.
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Figure 3-1: Schematic depiction of the sniffer system. When a ship plume passes the measurement location the
monitors register a peak in the gas concentrations. By integrating this peak the FSC value is determined. The AIS
signal is used to allocate the measured FSC to a specific vessel (IMO number).

The uncertainty of the FSC is calculated by all the different groups in the same manner. By using the Gaussian error
propagation by calculating the square root of the sum of the individual errors. However, which individual errors are
considered divers somewhat. Details of the uncertainty analysis of the different groups are given in SCIPPER D2.3.

The long-term time-series data from the Penlee Point Atmospheric Observatory (PPAO) required a different
approach for determining FSC, given as the distance from the observatory to the major source of ship emissions was
of order 50 — 100 km depending on wind direction. For a reference on early work at PPAO and its relationship with
the 2015 emissions control limits, see Yang et al., (2016).

FSC at the PPAO was estimated by using coincidental peaks of SO, (>0.2 ppb) and CO, (>| ppm) as trigger, available
for the entire time series from 2019 to 2022. Note that the other group use NO as a trigger to see when a ship
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plume is being measured, thus also taken into account plumes where the SO, concentration is low (and thus probably
also the FSC). Having a trigger on SO2, can thus lead to an average higher FSC values.

For this method it is important to note the following:

a. FSCis computed using peak height (shifted to align the peak maxima) rather than peak integral. this
approach seems less sensitive to uncertainty in the background concentrations (particularly
important for CO,).

Spectral contamination of SO, signal due to NO has not been corrected.

For both methods above, the FSC data is limited to true wind direction of 40 to 260°.

d. Unfortunately, there was a small leak in the SO, sample line from Dec 2021 to May 2022, thus the
SO, mixing ratio and also FSC during this period are not included within the database and also not
used within this analysis.

0 o

In terms of data averaging the following procedure was followed at PPAO:

. The data series (e.g. of SO,) is smoothed over a running 60-minute window;

2. The data points are considered to be 'baseline' if they do not exceed the smoothed time series by X. X =
0.1 ppb for SO, and 0.2 ppm for CO,. For NO, Xis initially 0.1 ppb, but later increased to 0.3 ppb to account
for the higher measurement noise. Note that the baseline for these different gases were computed
independently.

3. The raw data have a resolution of 10 s for SO,, every | s for CO,, and every minute for NO. For
convenience, everything is binned to |-minute averages for this calculation. A typical temporal 'width' of a
ship plume observed at Penlee is several minutes, and so |-minute seems reasonable.

3.2 Content database

The database with measured fuel sulphur content will be publicly available (in deliverable 2.6). The data is anonymized,
so that it cannot be traced to an individual ship. This is why only the data of the measured FSC is given and not the
time. In the public database the following information is stored:

e Date of measurements: dd-mme-yyyy

e FSC: % S m/m

e Absolute uncertainty in FSC: % S m/m

e  FSC minus Uncertainty: % S m/m

e Compliance: | (compliant) and 0 (non-compliant)

e Location: C5 (Campaign 5, Western English Channel), H (Hamburg), K (Kiel),

M (Marseille), O (Oresund), P (Plymouth), R (Rotterdam).

The compliancy is determined by comparing the FSC minus the measurement uncertainty to the respectively valid
FSC norm. When the difference exceeds the norm, the vessel is flagged as non-compliant. This is done to ensure
that ships with a high measurement uncertainty in FSC are not flag ships as non-compliant. It should be noted, that
legally a fuel sulphur sample is necessary to prove if the vessel is non-compliant. In some cases, it is possible that the
calculated FSC value is below zero, mainly due to the correction of the detected SO, signal to NO cross sensitivity.
For this study, cases where the FSC was zero or below the FSC-value is set to 0.01%.

For the sake of the analysis within this study, more information of the individual plume measurements was available
than published in the database of SCIPPER D2.6. The added information was the vessel IMO number, as well as if a
vessel was inbound are outbound in the harbour.
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4 Measured Fuel Sulphur Content

In this section we will discuss the results of the FSC. Timeseries of the FSC for the long-term measurement stations
are given in Figure 4-1. From this figure it is apparent that most vessels are compliant. However, at all stations some
non-compliant vessels are found. Note that the Rotterdam FSC data is rounded to 0.01% instances, given the steps
in the data. What further stands out that the monitored FSC is in general fairly low and often lower than the FSC
compliancy norm. In SCIPPER D2.3 the measured on-shore FSC values were compared to fuel samples. Here it was
found that the on-shore measurements showed a negative bias compared to the fuel samples. Possible explanation
for this negative bias can be an overcompensation of the influence of NO on the SO, monitor or an influence of the
relative humidity. More details on the negative bias can be found in SCIPPER D2.3.
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Figure 4-1: Timeseries of the FSC measured in Rotterdam, Hamburg, Kiel and Plymouth. Also the compliancy norm
of 0.10% is indicated.

The compliance rate of all locations are shown in Table 4-1. For compliance rate the FSC minus the uncertainty is
used and compared to the IMO FSC-norm of 0.10% S m/m. Note that for the FSC from Plymouth and Oresund no
uncertainties are given, so the FSC as is are used. The compliance rate is high for all locations with all values above
96%. The lowest compliance rate with 96.5% over the whole period (May 2019 until April 2022) is found for Kiel.
However, this rate is influenced by numerous repeated non-compliance observations in 2019 and 2020 of two sister
vessels from one shipping company that regularly call at Kiel. Unfortunately, the on-board inspections at that time
had led to no clear result. It was only determined that high-sulphur lubricating oil was used, but the fuel itself was
compliant. Since mid-2020 both vessels were no longer measured to be non-compliant, although they still call on
Kiel regularly. As the Sniffer operation in Kiel was not changed, it is assumed that something has changed in the
operational procedure of the ships. If the measurements of these two ships are not taken into account, the
compliance rate in Kiel rises to 97.9%. In addition, a significant increase in the compliance rate has been observed
since the start of monitoring in Kiel. In the period considered for this deliverable, the compliance rate in Kiel rose
from 95.8% in 2019 to 98.1% in 2020 and 99.2% in 2021 to currently 100% by April 2022. If taking into account also
measurements where not all quality flags are met (not reported for deliverable D2.5 and D2.6), the overall
compliance rate for Kiel would even rise to 99.3% and for Hamburg to 99.4% and is therefore very much comparable
to the findings at the other sites, except Plymouth. That the compliance rate at Plymouth harbour is somewhat lower
(97.8%) than at the other locations was to be expected, since no correction of the sensitivity of the SO,-monitor to
NO is undertaken. Thus the SO, concentration data will be somewhat higher, resulting in a higher FSC. Furthermore,
no uncertainty on the FSC is given also contributing to a lower compliance rate. The 100% compliance rate at
Oresund also stands out. Also here the FSC is taken as is, so without an uncertainty correction which should actually
lower the compliance rate. Possibly the high compliance rate at Oresund is caused by the low amount of data points
(295, with two months of data).
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Table 4-1: Compliance rate and the amount of data points of all the locations.

Rotterdam 99.6 11672 10-2019 till 07-2022¢
Hamburg 99.0 3870 05-2019 till 04-2022
Kiel 96.5 990 05-2019 till 04-2022
Plymouth 97.8 548 02-2019 till 10-2021
Oresund 100 295 11-2021 and 12-2021

A boxplot of all the datapoints grouped by location is given in Figure 4-2. It is obvious that in the Rotterdam area
the biggest outliers occur. This is probably partially caused by the fact that most data points are gathered on this
location (more than a factor 3 more data points than at the other locations). For all locations the 75 % percentile
(represented by the upper limit of the box) of FSC is lower than 0.07%. Clearly indicating that there is no doubt that
most vessel comply to the IMO norm. However, this also shows the possible negative bias of the on-shore FSC
measurements as seen in SCIPPER D2.3. The median FSC'’s lie in between 0.02% (Hamburg and Oresund) and 0.04%
(Kiel). Most spread in FSC is found in Hamburg and Kiel.
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Figure 4-2: Boxplots of the FSC data of all locations (H is Hamburg, K is Kiel, R is Rotterdam, P is Plymouth and O is
Oresund) on the right hand side a zoom of the y-axis of an FSC between -0.01 and 0.10%. The boxplot shows; the
median as a red line; the lower and upper limit of the blue box denote the 25 and 75 percentiles; the lower and upper
whiskers denote the 5 and 95 percentiles and everything outside this range is noted as outliers in red.

In order to investigate if there is a trend in the monitored FSC data, the monthly average values (FSC) are given in
Figure 4-3. From this figure it is apparent that the FSC concentrations seems to decrease over time. This seems to
be the case for most locations. However, for Rotterdam this apparent trend does not seem to occur.
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Figure 4-3: Monthly averaged FSC values per location.

6 In this time period data from 17-6-2020 till 23-2-2021 are excluded due to issues with the NO monitor as well as data
from 27-5-2021 till 31-5-2022 due to a different SO2 monitor with a different time response.
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To check if the observed decreasing trend in FSC at all sites is caused by an increase in the compliance rate, Figure
4-4 shows the monthly averaged compliance rates for the individual measurement sites. From this figure it is
apparent that especially for Hamburg and Kiel the compliance rates have increased, with compliance rates below
95% mainly occurring before January 2020. For Plymouth also more non-compliant ships have been recorded
before January 2020. This shows that the decrease in averaged FSC-values is indeed caused by less non-compliant
ships being recorded. The fact that this is the case indicates also the success of monitoring FSC-values on-shore.
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Figure 4-4: Monthly averaged FSC compliance rate in % per location.

Possibly ships are less inclined to sail non-compliant when they are leaving port, since the changes of fuel samples
being taken is lower. In order to investigate if there is a difference in measured FSC between inbound and
outbound vessels, compliance rates are shown in Table 4-2. There is no clear distinction in compliance rates
between in- and outbound vessels.

Table 4-2: Compliance rate [%] of inbound and outbound ships for locations Rotterdam, Hamburg and Kiel.

Rotterdam 99.6 99.6 10-2019 till 07-20227
Hamburg 99.1 98.9 05-2019 till 04-2022
Kiel 96.3 96.5 05-2019 till 04-2022

The FSC values measured during campaigns Cl and C4 in Marseille (France), are also included in the database (for
more details on the campaigns see SCIPPER D2.3). What is interesting is that in Marseille the FSC compliant limit
has gone down from 3.5% to 0.5% on January 2020. For both campaigns all vessel measured (in total 36 in 2019
and 46 in 2021) were found to be compliant. However, note that in 2021 for two vessels this was only the case
when taken into account the uncertainty (without taken into account the uncertainty in FSC, these two would
have been flagged as non-compliant). The boxplots of the measured FSC values are shown in Figure 4-5. As
expected, it can clearly be seen that the measured FSC values have dropped significantly in 2021 compared to
2019.

7 In this time period data from 17-6-2020 till 23-2-2021 are excluded due to issues with the NO monitor as well as data
from 27-5-2021 till 31-5-2022 due to a different SO monitor with a different time response.
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Figure 4-5: Boxplot of the FSC measured by Chalmers University in the C1(2019) and C4(2021) campaigns measured
in Marseille. The boxplot shows; the median as a red line; the lower and upper limit of the blue box denote the 25
and 75 percentiles; the lower and upper whiskers denote the 5 and 95 percentiles and everything outside this range is

noted as outliers in red.

The corresponding statistics are shown in Table 4-3. Beside the |0-percentile (which stayed constant) all statistics
have gone down drastically in 2021 compared to 2019 (with a factor 3 or higher).

Table 4-3: Statistics of the FSC values measured at the Cl (2019) and C4 (2021) campaigns in Marseille.

1.70

2019 36 0.78 0.67 0.78 0.01
2021 46 0.19 0.09 0.19 0.01 0.47

During the C5 campaign the FSC of ships were measured on a ship itself by sailing close to other vessels. This allowed
FSC measurements close by the border of the SECA area. The boxplot of the FSC measurements is shown in Figure
4-6. In total 39 ships were measured, of which 2 were found to be non-compliant. While taking into account the
measurement uncertainty the FSC were found to be 0.29 and 0.36%, which is well above the FSC limit of 0.10% m/m
within SECA. Note that no fuel samples were taken and therefore the non-compliancy could not be verified.
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Figure 4-6: Boxplot of the FSC measured by Chalmers University in the C5 (2022) campaign measured in the Western
English Channel. The boxplot shows; the median as a red line; the lower and upper limit of the blue box denote the 25
and 75 percentiles; the lower and upper whiskers denote the 5 and 95 percentiles and everything outside this range is

noted as outliers in red.
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5 Conclusions and recommendations

Within SCIPPER a large data base is collected with FSC measurements around Europe using Sniffer stations. Over
17 000 allocated ship plume measurement results are collected. From this data base the following conclusions can
be drawn:

The FSC compliance rate is high (>96%) for all locations.

General trend is that the FSC has decreased over time, which is caused by an increase in the compliance
rate. However, this trend is not visible in the data of the port of Rotterdam, which has the highest amount
of data points. The decrease of FSC over time for the other locations, does show that possibly on-shore
measurements lead to a higher compliance rate. More research is needed to verify this.

No clear differences in FSC compliance rate of inbound and outbound vessels are found.

Marseille campaign data show a clear drop in FSC-value measured in 2021 compared to 2019, due to stricter
global FSC restrictions, which went from 3.5% to 0.5% m/m as of |** of January 2020.

During the C5 campaign in the Western English Channel two ships (out of 39) showed non-compliant FSC
measurements, which shows that closer to the SECA border non-compliancy is more likely to occur. In the
other campaigns, all ships were found to be compliant. This shows the need for measurements also at sea,
preferably also close to the SECA borders.
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